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Abstract

The third-generation terrestrial systems operating near 1.55 um generally use the
existing fiber-cable network installed during the 1980s and consisting of more than 50
million kilometers of the “standard” single-mode fiber with zero dispersion
wavelength at 1.31 um. Therefore the dispersion parameter in the 1.55-pum region of
such fibers is very high (=17 ps/(km —nm)). As a result, group-velocity dispersion

(GVD) severely limits the transmission performance. Nevertheless the dispersion-
management technique is well adopted for constructing long-distance transmission
systems. In the conventional dispersion-managed system, the nonzero anomalous
GVD of single-mode fibers (SMF) is periodically compensated by the proper length -
of DCF’s placed at the end of the compensation interval. In a WDM system, perfect
dispersion compensation can be achieved only for a single channel. Supposing perfect
dispersion compensation is accomplished for a particular channel of the WDM
system, other wavelength channels encounter with different amount of cumulative
dispersion proportional to their wavelength separations from the zero average-
dispersion wavelength channel. In such a case, waveform distortion induced by the
nonlinear interplay between the Self-phase modulation (SPM) and the cumulative
residual GVD cannot be generally compensated by the mere pre-post compensation
scheme. As a result, the transmission window of the conventional long-distance
dispersion managed WDM system is severely limited by the interplay between SPM
and residual dispersion rather than by the flat-gain bandwidth of cascaded EDFAs,

In this study, the impact of SPM on power margins that can be launched into a SMF
transmission system with dispersion compensation is extensively investigated by
computer simulation at 10-Gb/s. The pulse propagation in a dispersive and nonlinear
fiber has been simulated using split-step Fourier transform method. From the output
pulse shapes eye diagrams have been drawn and eye opening penalty at different
length and different residual dispersion has been evaluated. Maximum threshold
power that can be applied to the system has been determined at different fiber length
and at different residual dispersion. Receiver performance for optical pulse
transmission in presence of both GVD and SPM effects has been quantified as Q
parameter and SNR. It is shown that most performing technique is the bi-end
compensation configuration. And in all of the compensation techniques, positive
residual dispersion generally shows better performance than negative residual
dispersion. So, in case of WDM system implementation, most of the channels should
be placed at the positive residual dispersion regime. Moreover, SPM effects are
maximum for post-compensation configuration with zero residual dispersion. But at
non-zero residual dispersion, pre-compensation suffers most. So, a design rule is
proposed to perform optimal dispersion compensation in multichanne! transmission in
presence of SPM.
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Chapter 1

Introdl_lction

1.1 Communication Systems

A communication system transmits information from one place to another, whether
separated by a few kilometers or by transoceanic distances. Information is often
carried by an electromagnetic carrier wave whose frequency can vary from a few
megahertz to several hundred terahertz. Optical communication systems use high
carrier frequencies (~100 THz) in the visible or near-infrared region of the
clectromagnetic spectrum as shown in figure 1.1. They are sometimes called
lightwave systems to distinguish them from microwave systems, whose carrier
frequency is typically smaller by five orders of ‘magnitude (~] GHz). Fiber-optic
communication systems are lightwave systems that employ optical fibers for
information transmission. Such systems have been deployed worldwide since 1980
and have indeed revolutionized the technology behind telecommunications. Indeed,
the lightwave technology, together with microelectronics, 1s believed to be a major

factor in the advent of the “information age.”

1.2 Historical Perspective

The use of light for communication purposes dates back to antiquity if we interpret
optical communications in a broad sense [1]. Most civilizations have used mirrors,
fire beacons, or smoke signals to convey a single piece of information (such as victory
in a war). Essentially the same idea was used up to the end of the eighteenth century
through sigﬁaling lamps, flags, and other semaphore devices. The idea was extended
further, following a suggestion of Claude Chappe in 1792, to transmit mechanically
coded messages over long distances (~100 km) by the use of intermediate relay
stations [2], acting as regenerators or repeaters in the modern-day language. The role
“of light in such systems was simply to make the coded signals visible so that they

could be intercepted by the relay stations. The opto-mechanical communication




systems of the nineteenth century were inherently slow. In modern-day terminology,

the effective bit rate of such systems was less than 1 bit per second (B <1 b/s).
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Figure 1.1: Spectrum of electromagnetic waves

1.3 Need for Fiber-Optic Communications

The advent of telegraphy in the 1830s replaced the use of light by electricity and
began the era of electrical communication [3]. The bit rate B could be increased to
~10 b/s by the use of new coding techniques, such as the Morse code. The use of
intermediate relay stations allowed communication over long distances (~1000 km).
The invention of telephone in 1876 brought a major change inasmuch as electric
signals were transmitted in analog form through a continuously varying electric

current [4].

The development of worldwide telephone networks during the twentieth century led
to many advances in the design of electrical communication systems. The use of
coaxial cables in place of wire pairs increased system capacity considerably. The first
coaxial-cable system, put into service in 1940, was a 3-MHz system capable of
transmitting 300 voice channels or a single television channel. The bandwidth of such

i ’-":' . . . . .
syster"rrs'-i_hfs limited by the frequency-dependent cable losses, which increase rapidly for




frequencies beyond 10 MHz. This limitation led to the development of microwave
communication systems in which an electromagnetic carrier wave with frequencies in
the range of 1~10 GHz is used to transmit the signal by using suitable modulation
techniques. Microwave communication systems generally allow for larger repeater

spacing, but their bit rate is also limited by the carrier frequency of such waves.

It was realized during the second half of the twentieth century that an increase of
several orders of magnitude in the bit rate-distance product would be possible if
optical waves were used as the carrier. However, neither a coherent optical source nor
a suitable transmission medium was available during the 1950s. The invention of the
laser and its demonstration in 1960 solved the first problem [5]. Attention was then
focused on finding ways for using laser light for optical communications. Many ideas
were advanced during the 1960s [6], the most noteworthy being the idea of light

confinement using a sequence of gas lenses [7].

It was suggested in 1966 that optical fibers might be the best choice [8], as they are
capable of guiding the light in a manner similar to the guiding of electrons in copper
wires. The main problem was the high losses of optical fibers — fibers available during
the 1960s had losses in excess of 1000 dB/km. A breakthrough occurred in 1970
when fiber losses could be reduced to below 20 dB/km in the wavelength region near
1 um [9]. The simultaneous availability of compact optical sources and low-loss
optical fibers led to a worldwide effort for developing fiber-optic communication

systems [10].

1.4 Evolution of Lightwave Systems

The enormous progress in fiber-optic communication system realized over the 25-year

period extending from 1975 to 2000 can be grouped into several distinct generations.

The first generation of lightwave systems operated near 0.8 pm wavelength at a bit
rate of 45 Mb/s and allowed repeater spacing of up to 10 km. It was clear during the
1970s that the repeater spacing could be increased considerably by operating the

lightwave system in the wavelength region near 1.3 pm, where fiber loss 1s below 1



dB/km as shown in figure 1.2. Furthermore, optical fibers exhibit minimum dispersion
in this wavelength region. This realization led to a worldwide effort for the

development of InGGaAsP semiconductor lasers and detectors operating near 1.3 pm.

The second generation of fiber-optic communication systems operating at 1.3 um
became available in the early 1980s, but the bit rate of early systems was limited to
below 100 Mb/s because of dispersion in multimode fibers [11]. This limitation was
overcome by the use of single-mode fibers. By 1987, second-generation lightwave
systems, operating at bit rates of up to 1.7 Gb/s with a repeater spacing of about 50
km, were commercially available. The repeater spacing of the second-generation
lightwave systems was limited by the fiber losses at the operating wavelength of 1.3
um (typically 0.5 dB/km). Losses of silica fibers become minimum near 1.55 pm.

Indeed, a 0.2 dB/km loss was realized in 1979 in this spectral region [12].

However, the introduction of third-generation lightwave systems operating at 1.55
pm was considerably delayed by a large fiber dispersion near 1.55 pm. The dispersion
problem can be overcome either by using dispersion-shifted fibers designed to have
minimum dispersion near 1.55 um or by limiting the laser spectrum to a single
longitudinal mode. Both approaches were followed during the 1980s. Third-
generation lightwave systems operating at 2.5 Gb/s became available commercially in

1990. Such systems are capable of operating at a bit rate of up to 10 Gb/s [13].

The fourth generation of lightwave systems makes use of optical amplification for
increasing the repeater spacing and of wavelength-division multiplexing (WDM) for
increasing the bit rate. The advent of WDM technique started a revolution that
resulted in doubling of the system capacity every 6 months or so and led to lightwave
systems operating at a bit rate of 10 Tb/s by 2001 [14]. In most WDM systems, fiber
losses are compensated periodically using erbium-doped fiber amplifiers spaced 60-

80 km apart.

The current emphasis of WDM lightwave systems is on increasing the system
capacity by transmitting more and more channels through the WDM technique. With

“increasing WDM signai bandwidth, it is often not possible to amplify all channels
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using a single amplifier. As a results, new kinds of amplification schemes are being

explored for covering the spectral region extending from 1.45 to 1.62 pm.

The fifth generation of fiber-optic communication systems is concemed with
extending the wavelength range over which a WDM system can operate
simultaneously. The conventional wavelength window, known as the C band, covers
the wavelength range 1.53-1.57 pm. It is being extended on both the long- and short-
wavelength sides, resulting in the L and S bands, respectively. A new kind of fiber,
known as the dry fiber has been developed with the property that fiber losses are
small over the entire wavelength region extending from 1.30 to 1.65 um [15].
Availability of such fibers and new amplification schemes mf;ly lead to lightwave

systems with thousands of WDM channels.

The fifth-generation systems also attempt to increase the bit rate of each channel
within the WDM signal. An interesting approach is based on the concept of oprical
solitons - pulses that preserve their shape during propagation in a lossless fiber by

counteracting the effect of dispersion through the fiber nonlinearity.
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Figure 1.2: Variation of attenuation with wavelength



1.5 Components of Optical Communication

The basic optical communication system consists of three major elements: optical

transmitter, optical fiber cable and optical receiver, as shown in figure 1.3.

Input _{, |Light Source | | @ i | Photo- De- i Output

Signal | |& Modulator ’EM ’ ;"Detector_rmudmatnr ’ Signal
] ' Optical Fiber L :

Rec-e.i;;;“
Figure 1.3: Optical fiber communication system

1.5.1 Optical Transmitters

The role of an optical transmitter is to convert the electrical signal into optical form
and to launch the resulting optical signal into the optical fiber. Figure 1.4 shows the
block diagram of an optical transmitter. It consists of an optical source, a modulator,
and a channel coupler. Semiconductor lasers or light-emitting diodes are used as
optical sources because of their compatibility with the optical-fiber communication
channel. The optical signal is generated by modulating the optical carrier wéve. The
coupler is generally a microlens that focuses the optical signal onto the entrance plane
of an optical fiber with the maximum possible efficiency. The launched power is an
important design parameter. One can increase the amplifier (or repeater) spacing by

increasing it, but the onset of various nonlinear effects limits how much power can be

increased.
Electrical
Driver Input
l Optical
QOutput
Optical Channel
Source »  Modulator > Coupler —

Figure 1.4: Components of an optical transmitter.




1.5.2 Optical Fibers

The role of a communication channel is to transport the optical signal from transmitter
to receiver without distorting it. Most lightwave systems use optical fibers as the
communication channe! because silica fibers can transmit light with losses as small as
0.2 dB/km. Even then, optical power reduces to only 1% after 100km. For this reason,
fiber losses remain an important design issue and determine the repeater or amplifier
spacing of a long-haul lightwave system. Another important design issue is fiber

dispersion, which leads to broadening of individual optical pulses with propagation.

1.5.3 Optical Receivers

An optical receiver converts the optical signal received at the output end of the optical
fiber back into the original electrical signal. Figure 1.5 shows the block diagram of an
optical receiver. It consists of a coupler, a photodetector and a demodulator. The
coupler focuses the received optical signal onto the photodetector. Semiconductor
photodiodes are used as photodetectors because of their compatibility with the whole
system. The design of the demodulator depends on the modulation format used by the
lightwave system. An important parameter for any receiver is the receiver sensitivity.
It is usually defined as the minimum average optical power required realizing a bit

error rate of 107,

Electronics
, Electrical
Optical Output
Tnput Channel
' Coupler » Photodetecto » Demodulator | *

Figure 1.5: Components of an optical receiver.
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1.6 Background of this study

Now a days Erbium-doped fiber amplifiers (EDFA) can periodically compensate the
fiber loss at 1.55-um. So, fiber loss is no longer a limiting factor for a long-haul fiber-
optic communication system. Then, group velocity dispersion (GVD) that distorts
signals remains the limiting factor in a long-haul optical communication system. Also,
by using pre-, post-, or bi-end periodic dispersion compensation, one can achieve
high-speed and long haul transmission system [17]-[21]. Thus the bandwidth-length
product of the transmission link is no longer limited by the GVD but by higher order
dispersion and fiber nonlinear effects, namely, self-phase modulation (SPM), cross-

phase modulation (XPM) and four-wave mixing (FWM).

In [22] and 23], the performance of a long distance wavelength division multiplexed
(WDM) system using dispersion-shifted fiber in presence of FWM and the
performance of WSK technique in reducing the FWM effect have been studied. But in
a WDM system using already installed standard single-mode fiber (SSMF), the
dominant nonlinear effect is the SPM, which is caused by the nonlinear dependence of
the refractive index on the pulse intensity [24]. Since high-speed data transmission
systems require greater received power for error-free detection, the performance of
dispersion compensated link is eventually degraded by the interaction of the SPM and
the fiber dispersion. For a wavelength division multiplexing (WDM) it is difficult to
compensate all the channels completely for dispersion [25], [26]. On the other hand,
to suppress the FWM effect, GVD must not be completely compensated [27], [28].

It was shown that in strongly nonlinear transmission, the single mode fiber (SMF)
must always be followed by a compensating fiber with positive residual dispersion
[29], neglecting accumulated amplified spontaneous emission (ASE) noise of EDFAs.
Another study on lumped compensation showed that precompensation should be
employed for complete compensation [30]. In [31], bi-end compensation
configuration (BECC) was considered, where two dispersive elements are placed at
the input and output ends of the transmission fiber, respectively, for every
compensation period. The total dispersion of the two dispersive elements was chosen
two completely compensate for the accumulated second-order fiber dispersion within

a compensation period. However, the transmission performance of a WDM system for



different location of dispersive element and the degree of dispersion compensation

under SPM effect is yet to be reported.

1.7 Objective of this Study

The objective of this work is to study the SPM effect on the performance in-line
optical amplifier fiber transmission system with dispersion compensation. Various
dispersion compensation configurations, namely, post-, pre- and bi-end compensation
configuration for both complete and partial dispersion compensation will be
investigated. SPM-limited maximum threshold power for minimum tolerable system
performance and its degradation in a cascaded optical amplifier system will be
evaluated. Thus, the applicability of the compensation configurations in presence of
both single channel and multi-channel WDM system will be investigated. Since the
degree of the SPM effect depends on the shape of the input pulse, transmission

performance for different input pulse shapes will be studied and compared.

The results of this work are expected to contribute to the design of high bit rate long-

haul WDM fiber-optic communication network.

1.8 Thesis Outline
The thesis dissertation is composed of seven chapters.

Chapter 1 gives the introduction of fiber optic communication along with historical
background. Recent developments in this field and the characteristics of optical fiber
are also discussed. The background of this study and objective of this research work

are addressed.

In chapter 2, theoretical model of optical pulse propagation within the fiber will be
explained. The limiting factors governing the pulse propagation in fiber-optic

communication system will be discussed and the compensation of some of the
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limiting factors will also be presented. At last, the non-linear effects in a compensated

transmission link will be discussed.

In chapter 3, Numerical Analysis Technique, we will describe the method Split-Step
Fourier Transform (SSFT) method used in our analysis. The performance evaluation
procedure, like, Signal-to-noise ration and Q parameter calculation procedure will

also be given.

Chapter 4 contains the simulation results obtained for post-compensation
configuration. The performance of POCC will be shown in presence of SPM with
both complete and partial compensation. Then applicability of POCC in a long-haul
WDM system will be described. This chapter also includes some results of the

dependence of transmission performance on transmitted pulse shape.

In chapter 5, Performance Analysis of Pre-Compensation Configuration, SPM effects
in PRCC will be presented. Then as in chapter 4, it will be judged whether PRCC 1s
suitable for a long-haul WDM system.

Chapter 6 is for bi-end compensation configuration analysis. This chapter contains our
proposed system for a long-haul WDM system. The chapter also includes comparison

among the three compensation configurations considered in our study.

At last, in chapter 7, we draw the conclusion of our study.
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Chapter 2
Theoretical Model

2.1 Introduction

In this chapter, the theoretical pulse propagation model in a fiber-optic
communication and the limitations imposed by different linear and nonlinear effects
will be illustrated. Here will also be explained how some effects are compensated.
Then the behavior of a some-effects compensated system with non-compensated

effects will also be explained.

2.2 Nonlinear Schrodinger Equation

The nonlinear Schrodinger equation (NLSE) modified to include higher-order
dispersion, has been successful in accurately modeling pulse propagation in single-
mode fibers in many diverse applications [32], [33], and can therefore be employed
with confidence for system design considerations. It is used to model the combined
effects of self-phase modulation, group-velocity dispersion and loss on pulse

propagation in a single-mode fiber. The modified NLSE is given by [24]

aA i

—_— A 2.1
aZ 2 /32 aT 2 ﬁ} 8T3 }/| i ( )
Fiber Dzspersion Self-phase
Loss modulation

where A is the slowly varying amplitude of the pulse envelope and 7 is measured in

a frame of reference moving with the pulse at the group velocity v, (T =t—z/v,).

B, is second-order group velocity dispersion and f; is third order group velocity

dispersion coefficient. & is the loss coefficient.

The three terms on the right-hand side of equation (2.1} govern, respectively, the

effects of absorption, dispersion, and nonlinearity on pulses propagating inside optical

Lo
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fibers. Depending on the initial width T, and the peak power £, of the incident pulse,

either dispersive or nonlinear effects may dominate in the pulse evolution along the

fiber.

The terms on the right-hand side of equation (2.1) govern pulse propagation inside
optical fiber and specifies limit on the transmission performance. The effects of the

terms on pulse propagation are discussed here.

2.3 Fiber losses

Fiber losses represent a limiting factor because they reduce the signal power in the
fiber. As optical receivers need a certain minimum amount of power for recovering
the signal accurately, the transmission distance is inherently limited by the fiber

losses.

If P_ is the power launched at the input end of a fiber of length L, the output power

H

P

ol

is given by

P

ont

= P exp(-al) (2.2)

where o includes material absorption and all other sources of power attenuation.

It is customary to express a in units of dB/km by using the relation

a(dB/ km) = —%logm(%

n

)~ 4.343a (2.4)

So, the transmission distance of any fiber-optic communication system is eventually
Jimited by fiber losses. For long-haul systems, the loss limitation has traditionally
been overcome using optoelectronic repeaters in which the optical signal is first
converted into an electric current and then regenerated using a transmitter. Such
regenerators become quite complex and expensive for WDM systems. An alternative
approach to loss management makes use of optical amplifiers, which amplify the
optical signal directly without requiring its conversion to the electric domain. With

the advent of erbium-doped fiber amplifiers (EDFAs), fiber loss is no longer a

AN
s

T ——
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limiting factor even for a WDM all-optical system for its large, wide and flat gain
bandwidth. Now-a-days, EDFAs are being used as power amplifiers to increase the
transmitted power, as in-line amplifiers to compensate the fiber losses periodically in
long-haul transmission system and as preamplifier to boost the power reaching the

receiver.

But all optical amplifiers compensate fiber-loss at the expense of degradation of
signal-to-noise ratio of the amplified signal because of spontaneous emission that
adds noise to the signal during amplification. The SNR degradation is quantified

through a parameter F,, called the amplifier noise figure. For most practical

a

amplifiers, F, exceeds 3 dB.

2.4 Group Velocity Dispersion

The group velocity associated with the fundamental mode in a single-mode fiber 1s
frequency dependent because of chromatic dispersion. As a result, different spectral
components of the pulse travel at slightly different group velocities, a phenomenon
referred to as group-velocity dispersion (GVD), intramodal dispersion or simply fiber
dispersion. As a result, pulse broadens outside its dedicated bit period and causes

inter-symbol interference (IST).

S XL

Input Optical QOutput pulses
pulses fiber

Fig. 2.1: Effect of Dispersion
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2.4.1 Dispersion-induced Pulse Broadening

If amplitude of the pulse envelope is defined as A(z,T) = \/ﬁ;exp(—aZIZ)U(z,T) in

equation (2.1), where P, is the peak power of the incident pulse and « is the
attenuation coefficient, normalized amplitude U(z,7) in a linear dispersive medium

(¥ = 0) satisfies a linear partial differential equation given by

oU 1, 3%
% 2P @3

Equation (2.5) is readily solved by using the Fourier method. If [} (z,®) is the Fourier

transform of U/(z,T) such that
1 % .
U(z.T)=— [U(z,0)exp(-iaT)do (2.6)
2T

then it satisfies an ordinary differential equation

sU 1. -
A PN I 27
= b, @7

whose solution is given by
f](z,a)) = [}(O,a))explié ﬁza)zz} (2.8)
where U (0,w) is the Fourier transform of the incident field at z = 0 and is given by
UO,0)= [U(0.T)exp(iT)dl (2.9)
By substituting equation (2.8) in equation (2.6), the general solution of equation (2.5)
is given by
U(z,T) = L j&(o,a))exp L po’z-iol do (2.10)
27 2
Equation (2.9) and (2.10) can be used for input pulses of arbitrary shapes.
Equation (2.8) shows that the effect of GVD changes the phase of each spectral

_component of the [;ulse by an amount that depends on the frequency and the

propagated distance. Even though such phase changes do not affect the pulse
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spectrum, they can modify the pulse shape. Actually GVD changes frequency across
the pulse. This is referred to as frequency chirp. The chirp dw depends on the sign of
5, . In the normal-dispersion regime (3, >0), dw is negative at the leading edge
(T <0) and increases across the pulse; the opposite occurs in the anomalous-

dispersion regime ( 5, <0).

Dispersion-induced pulse broadening is evident since different frequency components
of a pulse travel at slightly different speeds along the fiber because of GVD. More
specifically, red components travel faster than blue components in the normal-

dispersion regime ( f, > 0), while the opposite occurs in the anomalous-dispersion
regime ( 3, <0). The pulse can maintain its width only if all spectral components
arrive together, or equivalently S, =0. Any time delay in the arrival of different

spectral components leads to pulse broadening. The dispersion-induced chirp
broadens the pulse since different parts of the pulse develop slightly different

frequencies and propagate at different speeds along the fiber.

2.4.2 Higher-order Dispersion
This section considers the effects of GVD by including both the terms involving £,
and S, while still neglecting the nonlinear effects. Although the contribution of £,

dominates in most cases of practical interest, it is sometimes necessary to include the
higher-order term proportional f,. For example, if the pulse wavelength nearly
coincides with the zero-dispersion wavelength A,, £, =0; the B, term then
provides the dominant contribution to the GVD effects. By neglecting nonlinear
terms, The NLSE for normalized amplitude U(z,T) is given by the following partial
differential equation

BU 1,9 i, 8'U

i - 4 -
P e s

After solving this equation by using the Fourier technique, the transmitted field is

(2.11)

UzT) - —— j&(o,m)eXp Lpwz+tpoiz—iol ldo  (2.12)
2m 2 6
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2.4.3 Effect of Pulse Shape on GVD

Dispersion-induced broadening is sensitive to steepness of pulse edges. In general, a
pulse with steeper leading and trailing edges broadens more rapidly with propagation
simply because such a pulse has a wider spectrum to start with. A super-(Gaussian
shape can be used to model the effects of steep leading and trailing edges on
dispersion-induced pulse broadening. For a super-Gaussian pulse the normalized

amplitude is generalized to take the form

U,7)= exp[—;(TE)z’”] . (2.13)

where the parameter m controls the degree of edge sharpness. For, m =1 this is justa
Gaussian pulse. For larger values of m, the pulse becomes square shaped with
sharper leading and trailing edges.

Whereas the Gaussian pulse maintains its shape during propagation, the super-
Gaussian pulse not only broadens at a faster rate but also distorts in shape. The
enhanced broadening of a super-Gaussian pulse can be understood by noting that its
spectrum is wider than that of a Gaussian pulse because of steeper leading and trailing
edges. Since the GVD-induced delay of each frequency component is directly related
to its separation from the central frequency o, a wider spectrum results in a faster

rate of pulse broadening in a pulse with steeper leading and trailing edges.

2.5 Dispersion Management

Indeed, modern lightwave systems are often limited by the dispersive and nonlinear
effects rather than fiber losses. In some sense, optical amplifiers solve the loss
problem but at the same time, worsen the dispersion problem since, in contrast with
electronic regenerators, an optical amplifier does not restore the amplified signal to 1ts
original state. As a result, dispersion-induced degradation of the transmitted signal
accumulates over multiple amplifiers. For this reason, several dispersion-management
schemes were developed during the 1990s to address the dispersion problem [34]. The
group-velocity dispersion (GVD) effects can be minimized using a narrow-linewidth

laser and operating close to the zero-dispersion wavelength A,, of the fiber.

However, it is not always practical to match the operating wavelength A with A,,.
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An example is provided by the third-generation terrestrial systems operating near 1.55
pm and using optical transmitters containing a distributed feedback (DFB) laser. Such
systems generally use the existing fiber-cable network installed during the 1980s and
consisting of more than 50 million kilometers of the “standard” single-mode fiber

with A,, ~1.31 um [14]. Since the dispersion coefficient D is approximately 17

ps/km-nm in the 1.55 pm region of such fibers, the GVD severely limits the

performance when the bit rate exceeds 4 Gb/s.

A dispersion-management scheme attempts to solve this problem. The basic idea
behind all such schemes is quite simple and can be understood by using the pulse-

propagation equation given previously and written as

Rl ot B S R 0 2.14
8z 2 & 6 ar (214)

where A is the pulse-envelope amplitude. The effects of third-order dispersion are

included by the g, term. In practice, this term can be neglected when | ﬂ2| exceeds
0.1 ps*/km. Since | ﬁz‘ is approximately 22 ps*/km for standard single-mode fiber at

1.55 wm, we can certainly neglect J,. Solution for A(z,f)becomes as given

previously,

Alz,0) = 51; j';l(O,a))exp(%ﬁlza)z —ioHdw (2.15)

where ;I(O,a)) 1s the Fourier transform of A(0,f).

Dispersion-induced degradation of the optical signal is caused by the phase factor
exp(iff,zw” /2), acquired by spectral components of the pulse during its propagation

in the fiber. All dispersion-management schemes attempt to cancel this phase factor

so that the input signal can be restored.
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2.5.1 Dispersion Compensation using DCF

Among many dispersion management schemes, the use of dispersion compensating
fiber (DCF) provides an all-optical technique that is capable of compensating the fiber
GVD completely if the average optical power is kept low enough that the nonlinear

effects inside optical fibers are negligible.

To understand the physics behind this dispersion-management technique, consider the
situation in which each optical pulse propagates through two fiber segments, the
second of which is the DCF. Using equation (2.15) for each fiber section

consecutively, we obtain

A(L,1) = % o];i(O,a))expB(ul (By L, + By Ly) — iwr}da) (2.16)

where L=1 + L, and f,, is the GVD parameter for the fiber segment of length

L,(j=1,2). If the DCF is chosen such that the @*® phase term vanishes, the pulse

will recover its original shape at the end of DCF. The condition for perfect dispersion

compensation is thus

By + 8L, =0,
or, DI +D,L,=0 (2.17)
Equation (2.17) shows that the DCF must have normal GVD at 1.35 um (D, <0)
because D, > 0 for standard telecommunication fibers. Moreover, its length should be

chosen to satisfy

L, =—(D,/D,)L, (2.18)

For practical reasons, L, should be as small as possible. This is possible only if the

P
¢ )
v

DCF has a large negative value of D, .

A practical solution for upgrading the terrestrial lightwave systems making use of the

existing standard SMF fibers consists of adding a DCF module to optical amplifiers-
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spaced apart by ~100 km. The DCF compensates GVD while the amplifier takes care

of fiber losses.

Because of a relatively small mode diameter of DCFs, the effective mode area is only
~20 um?. As the optical intensity is larger inside a DCF at a given input power, the

nonlinear effects are considerably enhanced {35].

In DCF compensating technique, DCF can be connected at the input, output end or at
both ends of the standard single-mode fiber. Depending on the position of the DCF
compensation configuration is classified as — pre-, post or bi-end compensation

configuration respectively.

Because of the wavelength dependence of f,, or the dispersion parameter D as
shown if figure (1.8), dispersion compensating scheme set to completely compensate
at a particular wavelength, will not be able to fully compensate any other channel of
different wavelengths. So, the accumulated dispersion will be different for each

channel in a WDM system.

2.6 Self-Phase Modulation (SPM)

Third term on the right hand side of the nonlinear Schrodinger equation given in (2.1)
represents the nonlinear effects on the pulse propagation. The lowest-order nonlinear
effects in optical fibers originate from the third-order susceptibility x*’, which is
responsible for phenomenon such as third harmonic generation, four-wave mixing,
and nonlinear refraction. However, unless special efforts are made to achieve phése
matching, the nonlinear processes which involve the generation of new frequencies
(e.g. third-harmonic generation or four-wave mixing) are not efficient in optical
fibers. Most of the nonlinear effects in optical fibers therefore originate from
nonlinear refraction, a phenomenon that refers to the intensity dependence oiEn1

WK

refractive index resulting from the contribution of ¢, i.e., the refractive index of the

fiber becomes
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E") = n(e) +m, B’ (2.19)

e,

where n(w) is the linear part, E|2 is the optical intensity inside the fiber, and #, is

the nonlinear-index coefficient relatedto 7 by the relation

ny = = Re(7(0,) (2.20)

8n -

where Re stands for the real part and the optical field is assumed to be linearly

polarized so that only one component y %) of the fourth-rank tensor contributes to the

xXXX

refractive index. The tensorial nature of ¥ can affect the polarization properties of

optical beams through nonlinear birefringence.
The intensity dependence of the refractive index leads to a large number of nonlinear
effects; the two most widely studied are self-phase modulation (SPM) and cross-phase

modulation (XPM). SPM refers to the self-induced phase shift experienced by an

optical field during its propagation in optical fibers. Its magnitude can be obtained by

noting that the phase of an optical field changes by
$=nK,L=m+nE)K,L (2.21)
where K, = —2/% and L is the fiber length. The intensity-dependent nonlinear phase

shift 4,, = n,K,L|E!" is due to SPM.

In standard single-mode fiber transmission, multi-wavelength nonlinear effects have a
little impact on the system performance [36]. In particular, FWM is substantially
suppressed by the high chromatic dispersion and XPM introduces only a little penalty
in densely spaced systems. XPM does not have a great impact on SSMF-based

systems because of high walk-off.

2.6.1 SPM-induced Spectrai Broadening

A general description of SPM in optical fibers requires numerical solutions of the
propagation equation defined by NLSE when dispersion effect is negligible ( 4, =0).

In terms of the normalized amplitude U(z,7), NSLE becomes
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U 1 exp-a)U['U (2.22)
dz Ly

where « accounts for fiber loss. The normalized length

Ly, = ()" | (2.23)

where P, is the peak power and yis related to the nonlinear-index coefficient », --

¥ = (nwy)(CA ). Eq. (2.22) 18 readily solved to obtain

U(z,T) = U(0,T)expligy, (z.T)] (2.24)

where U(0,7T) is the field amplitude at z =0 and
b (2T =0 O (25 1 Ly,) | (2.25)

with

2,, =[l-exp(-az))/ @ (2.26)

Equation (2.24) shows that SPM gives rise to an intensity-dependent phase shift while
the pulse shape governed by ‘U(Z,T)Fremains unchanged. The nonlinear phase shift
¢,, (z,T) given by Eq. (2.25) increases with the propagated distance z . The quantity
z,, plays the role of an effective distance that is smaller than z because of fiber loss.
In the absence of fiber loss, & =0, and z o = Z - The maximum phase shift ¢, occurs
at the pulse center located at 7 =0. Since U is normalized such that |U (0,0)’ =1itis

given by
¢max = zL{f] /‘LM’, = }IPOZL'])" (227)

SPM-induced spectral broadening is a consequence of the time dependence of
¢,,(z,T). This can be understood by noting that a temporally varying phase implies
that the instantaneous optical frequency differs across the pulse from its central value

o, . The difference dw is given by
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¢ o 1 2,
Sen(T)=—-—2 = — — (U0, )" =L 228
@ (T) por aT(I (0,7) L, (2.28)

The time dependence of dw can be viewed as a frequency chirp. The chirp is induced
by SPM and increases in magnitude with the propagated distance. In other words, new
frequency components are continuously generated as the pulse propagates down the
fiber. These SPM generated frequency components broaden the spectrum over its
initial width at z = 0. From Eq. (2.28) it is clear that, SPM-induced chirp is in the
positive direction within the pulse. That is, the leading edge frequency of the pulse is

down-shifted and trailing edge frequency of the pulse is up-shifted.

2.6.2 Effect of Pulse Shape on SPM-induced Spectral Broadening
The extent of spectral broadening depends on the pulse shape. Consider, for example,

the case of a super-Gaussian pulse with the incident field U/(0,7) given by Eq. (2.13).
The SPM-induced chirp dw(7) for such a pulse is

Zm-1 2m
Z,,
So(T) = z_mi{i} expl| - {1} (2.29)
TD LNL TO TC‘

The parameter m equals 1 for a Gaussian pulse. For larger values of m, the incident
pulse becomes nearly rectangular with increasingly steeper leading and trailing edges.

Fig. 2.2 shows the variation of the nonlinear phase shift ¢,, and the induced
frequency chirp dw across the pulse at z, = L,, for the case of a Gaussian pulse

(m=1) and a supper-Gaussian pulse (m = 3). Since ¢,, is directly proportional to

iU (0,7 )yzin Eq. (2.25), its temporal variation is identical to that of the pulse intensity.

The temporal variation of the induced chirp dw has several interesting features. First,
S 1s negative near the leading edge (red shift) and becomes positive near the trailing
edge (blue shift). Second, the chirp is linear and positive (up-chirp) over a large
central region of the Gaussian pulse. Third, the chirp is considerably larger for pulses
with steeper leading and trailing edges. Fourth, super-Gaussian pulses behave
differéntly than Gauésian pulses since chirp occurs only near pulse edges and does not

have a linear variation.
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Fig. 2.2: Temporal variation of the (a) phase shift ¢,, and (b) frequency chirp dw

induced by SPM for the case of a Gaussian and a super-Gaussian pulse
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2.7 Interaction between GVD and SPM

The SPM effects discussed above describe the propagation behavior realistically only

2

. . : T, ..
for relatively long pulses (7, >100ps ) for which the dispersion length L,(=—=) is

14|
much larger compared with both the fiber length L and the nonlinear length L, . As

pulses become shorter and the dispersion length becomes comparable to the fiber
length, it becomes necessary to consider the combined effects of GV and SPM on
pulse evolution along the fiber. New qualitative features arise from interplay between
GVD and SPM. In the anomalous-dispersion regime of the fiber, the two phenomena
can cooperate in such a way that the fiber can support optical solitons. In normal-
dispersion regime the combined effects of GVD and SPM have found application in

optical pulse compression.

NLSE in its normalized form is given as

oU 1 8*U

-N? exp(—acz)|U|2 U (2.30)

where & and 7 represent the normalized distance and time variables

E=z/L,, t=T/T, (2.31)

and the parameter N is introduced by using the definition

. L P,T?
ONt=Zp o 0 (2.32)
Ly |ﬁ21

N governs the relative importance of the SPM and GVD effects on pulse evolution
along the fiber. Dispersion dominates for N <<1 while SPM dominates for N >>1.
For values of N ~1, both SPM and GVD play an equally important role during pulse

evolution.

The evolution of the pulse shape and the pulse spectrum for an initially unchirped
Gaussian pulse in the normal-dispersion regime (5, > 0) of the fiber for N #0 1s
quite different than that expected when either GVD or SPM dominates. In particular,
the pulse broadens much more rapidly compared with the case N =0 (no SPM). This

can be understood by noting that SPM generates new frequency components, which
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are down-shifted near the leading edge and up-shifted near the trailing edge of the
pulse. Since the down-shifted components travel faster than the up-shifted
components in the normal-dispersion regime, SPM leads to an enhanced rate of pulse

broadening compared with that expected from GVD alone. This in turn affects

spectral broadening as the SPM-induced phase shift ¢,, becomes less that that

occurring if the pulse shape were to remain unchanged.

The situation is different for pulses propagating in the anomalous dispersion regime
(B, <0) of the fiber. The pulse broadens initially at a rate much lower than that
expected in the absence of SPM and then appears to reach a steady state for
transmission over several orders of dispersion length. At the same time, the spectrum
narrows rather than exhibiting broadening expected by SPM in the absence of GVD.
This behavior can be understood by noting that the SPM-induced chirp given by Eq.
(2.28) is positive while the dispersion-induced chirp is negative for g, <0. The two
chirp contribution cancel each other along the pulse depending on the magnitude of
N . Pulse shape adjusts itself during propagation to make such cancellation as
complete as possible. Thus, GVD and SPM cooperate with each other to maintain a

chirp-free pulse.

2.8 Summary

Theoretical model of pulse propagation in optical fiber in presence of both GVD and
SPM has been described in this chapter. GVD effects on pulse propagation and SPM
effects on pulse propagation have been described separately taking one of the effects
negligible. It is found that GVD broadens the pulse and produces frequency chirping
along the pulse. For a normal dispersion regime ( £, > 0), the induced chirping is
positive (frequency increases from the leading to the trailing edge). But for an
anomalous dispersion regime (3, < 0), GVD induces a negative chirping on the pulse
(frequency decreases from the leading to the trailing edge). SPM effects do not
change the pulse shape in time domain but change the spectrum of the pulse. New

frequen(;y components are generated during the propagation of the pulse.
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Pulse propagating in presence of both GVD and SPM behaves differently than
propagating in presence of GVD or SPM alone. It is evident that SPM effects broaden

a pulse at a much higher rate in normal dispersion regime ( 8, > 0) than if there were
no SPM. This is because of SPM-induced frequency chirping supports GVD-induced
frequency chirping. On the other hand, pulses broaden at a slower rate in presence of
SPM in anomalous dispersion ( B, < 0) regime if there were no SPM. This is because

of SPM-induced frequency chirping cancels GVD-induced frequency chirping.
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Chapter 3

Numerical Analysis Technique

3.1 Introduction

The nonlinear Schrodinger equation given in Eq. (2.1) governs the propagation of
optical pulses inside single-mode fibers. The NLSE is a partial differential equation
that does not generally lend itself to analytical solutions except for some specific
cases in which the inverse scattering method can be employed. A numerical approach
is therefore often necessary for an understanding of the interplay between group-
velocity dispersion and self-phase modulation on optical fibers. A large number of
numerical methods can be used for this purpose. These can be classified into two
broad categories known as (i) the finite-difference methods and (ii} the pseudospectral
methods. rGenerally speaking, pseudospectral methods are faster up to an order of
magnitude to achieve the same accuracy. The one method that has been used
extensively to solve the pulse-propagation problem in nonlinear dispersive media is
the split-step Fourier method. The relative speed of this method compared with most
finite-difference methods can be attributed in part to the use of the fast-Fourier-

transform (FFT) algorithm.

3.2 Split-Step Fourier Method

To understand the philosophy behind the split-step Fourier method, it is useful to
write Eq. (2.1) formally in the form

% =(D+ N)4 (3.1)

”

where D is a differential operator that accounts for second-order dispersion and

A

absorption in a linear medium and N is a nonlinear operator that governs the effect of

fiber nonlinearities on pulse propagation. These operators are given by
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o
oT* 2
N =iyld] (3.3)

D:—%ﬁz (3.2)

In general, dispersion and nonlinearity act together along fhe length of the fiber. The
split-step Fourier method obtains an approximate solution by assuming that in
propagating the optical ﬁeld over a small distance %, the dispersive and nonlinear
effects can be pretended to act independently. More specifically, propagation from z

to z+ 4 is carried out in two steps. In the first step, the nonlinearity acts alone, and

D =0 in equation (3.1). In the second step, dispersion acts alone, and N =0 in

equation (3.1). Mathematically,

A(z+h,T)=explh b) exp(h ]QI)A(Z,T) (3.4}

~

The execution of the exponential operator exp(# D) is carried out in the Fourier

domain using the prescription

exp(h f))B(z,T) ={F" exp[h E)(ia))}F}B(z,T) (3.5)

s

Where F denotes the Fourier-transform operation, D(iw) is obtained from equation

(3.2) by replacing the differential operator /8T by iw, and o is the frequency in the

~

Fourier domain. Since D(i@) is just a number in the Fourier space, the evaluation of
equation (3.5) is straightforward. The use of FFT algorithm makes numerical
evaluation of equation (3.5) relatively fast. It is for this reason that the split-step
Fourier method can be faster by up to two orders of magnitude compared with most

finite-difference schemes.

The accuracy of the split-step Fourier method can be improved by adopting a different
procedure to propagate the optical pulse over one segment from z to z+h. In this

procedure equation (3.4) is replaced by

. N z+h A
. A(Z+hT) = exp{gD} exp{ .[ N(z' )dziexp{g D}A(Z,T) (3.6)

14
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The main difference is that the effect of nonlinearity is included in the middle of the
segment rather. than at the segment boundary. Because of the symmetric form of the
_ exponential operators in equation (3.6), this method is known as the symmeirized

split-step Fourier method. The integral in the middle exponential is useful to include

~

the z dependence of the nonlinear operator N . If the step size # is small enough, 1t

can be approximated by exp(# N), similar to equation (3.4).

The accuracy of the split-step Fourier method can be further improved by evaluating

the integral in equation (3.6) more accurately than approximating it by AN(z). A

simple approach is to employ the trapezbidal rule and approximate the integral by

Z+h A

fnEha' ~ g{&(znﬁqzm)} (3.7)

”

However, the implementation of equation (3.7) is not simple since N(z+#)} is

) h . . .
unknown at the mid-segment located at z +5. It is necessary to follow an iterative

procedure that is initiated by replacing N(z + k) by N(z). Equation (3.6) is then used

"

to estimate A(z + A, T), which in turn is used to calculate the new value of N(z+#).

Although the iteration procedure is time-consuming, it can still reduce the overall
computing time if the step size # can be increased because of the improved accuracy

of the numerical algorithm. Two iterations are generally enough in practice.

The implementation of the split-step Fourier method is relatively sti"aightforwﬁrd. As
shown in figure 1, the fiber length is divided into a large number of segments that
need not be spaced equally. The optical pulse is propagated from segment to segment

using the prescription of equation (3.6). More épeciﬁcally, the optical field 4(z,7T) is

) Ao . . .
first propagated for a distance 5 with dispersion only using the FFT algorithm and

) . h : . i
equation (3.5). At the mid-plane z + > the field is multiplied by a nonlinear term that

represents the effect of nonlinearity over the whole segment length #. Finally, th:fc

|

AN
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field is propagated the remaining distance 5 with dispersion only to obtain

A(z+ h,T). In effect, the nonlinearity is assumed to be lumped at the mid-plane of

each segment (dashed line in figure 1).

Dispersion Only Nontinearity Only

NN
\ \

A(z,T)

Fig. 3.1: Schematic illustration of the symmetrized split-step Fourier method used for
numerical simulations. The fiber length is divided into a large number of segments of
width h. Within a segment, the effect of nonlinearity is included at the mid-plane

shown by a dashed line.

3.3 Transmission Performance

Optical receivers convert incident optical power P, into electric current through a

photodiode. The optical signal received by the receiver is’already degraded by the
interplay between GVD and SPM during transmission through the fiber. The pulse
intensity distorts at the bit center and pulse broadens outside the dedicated bit period.
As a result the magnitude of éignal power received by the receiver is changed from
what was transmitted and at the same time power from neighboring bits interferes into
the signal power causing inter-symbol interference. So, due to degradation of pulse
intensity at the bit center and inter-symbol interference, the signal content (1 or 0)

may be incorrectly interpreted by the receiver.
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In addition to the degraded and broadened pulse received by the receiver, a number of
noise mechanisms add to the recovered electrical signal, which further mislead
decision-making. The noises may come from the in-line amplifiers used to
'periodically compensate the fiber transmission loss or from the pre-amplifier used to
increase the received power of the receiver. The noise may also originate within the
receiver itself. However to evaluate performance of a system these noise mechanisms

should be included.

3.3.1 Receiver Noise

Two fundamental noise mechanisms, shot noise and thermal noise [37]-[39], lead to
fluctuations in the current even when the incident optical signal has a constant power.
However, electrical noise induced by current fluctuations affects the receiver
performance. The objective of this section is to review the noise mechanisms and then

discuss the signal-to-noise ratio (SNR) in a p-i-n optical receiver.

Shot Noise:

Shot noise arises from the fact that an electric current is made up of a stream of
discrete charges — namely, electrons — that are randomly generated. Thus, even when
a photodetector is illuminated by constant optical power P, due to the random
generation of e — A pairs, the current will fluctuate routinely around an average value

determined by the average optical power P.

The photodiode current generated in response to a constant optical signal can be
written as

H(y=1,+i, (1) (3.8)

where [ p = RP

. is the average current and i (f) is a current fluctuation related to
shot noise. Mathematically, 7 (f) is a stationery random process with Poisson

statistics (approximated often by Gaussian statistics). The autocorrelation function of

i.(¢) is related to the spectral density S (/) by the Wiener-Khinchin theorem [39]

(z’x (i (1 + r)> = J'S_s, (fexp(2afr)df (3.9)
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where angle brackets denote an ensemble average over fluctuations. The spectral
density of shot noise is constant and is given by S,(f) =g/, (an example of white
noise}. Note that S (/) is the two-sided spectral density, as negative frequencies are

included in Eq. (2). If only positive frequencies are considered by changing the lower

limit of integration to zero, the one-sided spectral density becomes 2q/ , .

The noise variance is obtained by setting Tt = (0 in Eq. (3.9), i.¢e.,
ol =(i2(0))= [S,(f)df =2q1 47 (3.10)

where Af is the effective noise bandwidth of the receiver.

Since the dark current 7, also generates shot noise, its contribution is included in Eq.

(3.10) by replacing 7, by 1, +1,. The total shot noise is then given by

o =2q(I, +I)N (3.11)

The quantity o, is the root-mean-square (RMS) value of the noise current induced by

shot noise.

Thermal Noise:
At a finite temperature, electrons move randomly in any conductor. Random thermal
motion of electrons in a resistor manifests as a fluctuating current even in the absence
of an applied voltage. The load resistor in the front end of an optical receiver adds
such fluctuations to the current generated by the photodiode. This additional noise
component 1s referred to as thermal noise. Thermal noise can be included by
modifying Eq. (3.8) as

Iy=1,+i () +i(t) (3.12)

where 7,(t) is a current fluctuation induced by thermal noise. Mathematically, current
fluctuation induced by thermal noise i.(¢f) is modeled as a stationary Gaussian
random process with a spectral density that is frequency independent up to ' ~1 THz

(nearly white noise) and is given by
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S (f)=2k,T/R, (3.13)

where k, is the Boltzmann constant, 7 is the absolute temperature, and &, is the

load resistor. The autocorrelation function of i, () is given by

(i, (+2)) = [S,(f)exp(2rifr)df (3.14)

The noise variance is obtained by setting T = 0 and becomes

o = () = [S;()df =@k, TI RS (3.15)

where Af is the effective noise bandwidth. The same bandwidth appears in the case of

both shot and thermal noises. Note that o does not depend on input power to the

receiver.

The total current noise contributed by the receiver circuit can be obtained by adding

the contributions of shot noise and thermal noise. Since i {f} and i, (¢} in Eq. (3.12)

are independent random processes with approximately Gaussian statistics, the total

variance of current fluctuations, A/ =7-1, =i +i,, can be obtained simply by

adding individual variances. The result is

ot =((AD*) =0} + o} =2q(I, + 1,)Af +(4k,T /R, )AS (3.16)

Equation (3.16) is one of the factors that degrade the SNR of the photocurrent.
3.3.2 Optical Preamplification Noise

Optical amplifiers are routinely used for improving the sensitivity of optical receivers
by preamplifying the optical signal before it falls on the photodetector.
Preamplification of the optical signal makes it strong enough that thermal noise

becomes negligible compared with the noise induced by the preamplifier. As a result,

o
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the receiver sensitivity can be improved by 10-20 dB using an EDFA as a

preamplifier [40]-[45].

To calculate the receiver sensitivity, we need to include all sources of current noise at
the receiver. The most important performance issue in designing optical preamplifiers
is the contamination of the amplified signal by the ASE [14]. Because of the
incoherent nature of spontaneous emission, the amplified signal is noisier than the

input signal. The photocurrent generated at the detector can be written as [14]

2
I= R‘\/EES +E,| +i, 4y (3.17)

where R is the photodetector responsivity, G is the amplifier gain, £ is the signal
field, £, is the optical field associated with the ASE, and i, and 7, are current
fluctuations induced by the shot noise and thermal noise, respectively within the

receiver. The average value of the current consists of

I=R(GP, +P,) (3.18)

where P = fEA,_|2 is the optical signal before its preamplification, and F,, is the ASE

k}

noise power added to the signal with the magnitude

P, = ‘Eﬂ,f =S,Av,, (3.19)

The spectral density S_(v)=(G—-Dn kv and Avg is the effective bandwidth of

spontaneous emission set by the amplifier bandwidth or the filter bandwidth if an
optical filter is placed after the amplifier. Notice that £, in Eq. (3.17) includes only

the component of ASE that is copolarized with the signal as the orthogonally

polarized component cannot beat with the signal [14].

The current noise </ > consists of fluctuations originating from the shot noise,
thermal noise, and ASE noise. The ASE-induced current noise has its origin in the

beating of £, with £ and the beating of £ _ with itself. To understand this beating

-
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phenomenon more clearly, notice that the ASE field E_ is broadband and can be

written in the form

E, = [/, exp(4, -i0,ndo, | O (3.20)

where ¢, is the phase of the noise-spectral component at the frequency @, , and the

n?

integral extends over the entire bandwidth of the amplifier (or optical filter). Using
E = \/Y’T exp(¢, —im,t), the interference term in (3.17) consists of two parts and

leads to current fluctuations of the form

1
iy = 2R [(GP,S ) cosbdw,, iy =2R[[S,, cosb,dw do,’ (3.21)
where 8, = (0, —0 )t +¢, —¢, and 0, = (w, —w! )t + ¢ -4, are two rapidly varying
random phases. These two contributions to current noise are due to the beating of E,

with £, and the beating of E_ with itself, respectively.

ol ., =4RGPS Af (3.22)

sig—sp

oL, =4RS AV, Af _ . (3.23)

3.3.3 Inter-Symbol Interference Noise

Pulse shape broadens due to the combined effect of GVD and SPM even if dispersion
is fully compensated by DCF compensating technique. Therefore, pulse intensity of
one bit interferes with the pulse intensity of another. So, inter-symbol interference
occurs. The interfering power from the neighboring pulse causes noise contribution to
the total noise. ISI power generates noise current as the signal power generates signal
current within the receiver. Besides, ISI power contributes to the shot noise and ISI

power-spontaneous beat noise.

0-!2.5‘1' = RzP,’i’.’ (3-24)
0.3(!.5‘!) =2qRPg Af (3.25)
O-.fZSI —-sp = 4‘R21)]S] S.\p Af , (326)
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3.3.4 Total Noise
Averaging over the random phases, the total variance o’ =<(Al)> of current

fluctuations can be written as

2

2 2 2 2
O =0, 40 5y TO

2 2
SIg 8P + O-.\'p—_s'p + O-I'SJ, + G!S!—.'-p (327)

where,

O lroary = 24[R(GP, + P, + Py YA (3.28)

The remaining terms in Eq. (3.27) are defined in previous sections.

3.4 SNR of p-i-n Receivers

The performance of an optical receiver depends on the signal-to-noise ratio. The SNR
of a receiver with a p-i-n photodiode is considered here. The SNR of any electrical

signal is defined as

sional I’
sNR = dveragesignal power 1, (3.29)

. 2
noise power g

where we used the fact that electrical power varies as the square of the current.

I,=RP, and o? is given in Eq. (3.27). So, the SNR is related to the incident optical

POWCT as

R'P?,
2 2 2 2
O-T + O-_c(]"om.') + O-.vig—.\p + o-.\p-.\'p

SNR = (3.30)

2 2
TO0, 05

where R =ng/hv is the responsivity of the p-i-n photodiode.

3.5 Receiver Sensitivity

Among a group of optical receivers, a receiver is said to be more sensitive if it
achieves the same performance with less optical power incident on it. The

performance criterion for digital receivers is governed by the ) — parameter or the bit-
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error rate (BER). BER is defined as the probability of incorrect identification of a bit
by the decision circuit of the receiver. A commonly used criterion for digital optical

receivers requires the BER to be below 1x10°.

The Q-Parameter )

There are only two possible signal levels in binary digital communicétion systems and
each of these signal levels may have a different average noise associated with it. This
means that there are essentially two discrete signal-to-noise ratios, which are
associated with the two possible signal levels. In order to calculate the overall
probability of bit error, we must account for both of the signal-to-noise ratios. So,
SNRs can be combined into a single quantity — providing a convenient measure of

overall system quality — called the Q-parameter.

The incoming optical signal from the fiber is converted into electric current in the
photodetector. Then decision circuit samples this electrical signal at the decision
instant to determine whether it is I or 0. The sampled value [ fluctuates from bit to

bit around an average value /, or /;, depending on whether the bit corresponds to 1
L]

or 0 in the bit stream. The decision circuit compares the sampled value with a

threshold value 7, and calls it bit 1 if J >/, or bit 0 if 7 </,,. An error occurs if
I <1, for bit 1 because of noise mechanisms discussed in this chapter. An error also

occurs if 7 > 1, for bit 0.

Both the average and variance of receiver noise are different for land 0 bits since 7 p

equals /, or /,, depending on the bit received. If o and &/ are the corresponding

variances, QQ-parameter is given by

— I] '“]0
g, +a,

(3.31)

The Q-parameter is also useful as an intuitive figure of merit that is directly tied to the
BER. For example, the BER can be improved by either (1) increasing the difference

€
c
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between the high and low levels in the numerator of the Q-parameter, or (2)

decreasing the noise terms in the denominator of the Q-parameter.

Finally, the Q-parameter allows simplified analysis of system performance. The most
direct measure of system performance is the BER, but calculation of the BER requires
evaluation of the cumulative normal distribution integral. Since this integral has no
closed form solution, evaluation requires numerical integration or the use of tabulated
values. A much simpler method of analyzing system performance is.to optimize the
Q-parameter, knowing that this will result in optimized BER. Relation between Q-

- parameter and BER is given by

L Ly (0T
BEszerfc(ﬁ) oo (3.32)

3.6 System Description

We perform computer simulations using the split-step Fourier method for dispersion
compensated transmission fiber. A single channel, modulated with a 10-Gb/s
nonreturn-to-zero (NRZ) bit sequence is generated through a chirp free transmitter
and is launched into a link composed of spans of 100 km of standard single-mode
fiber and L km of dispersion compensating fiber connected in pre-, post- or bi-end
compensation configuration. The length L is varied to vary the residual dispersion

accumulated at the end of the transmission fiber.
We used normalized super-Gaussian pulse shape for our numerical analysis given by

U0,7y= exp[—%[i:! jI (3.33)

T, =2[2In 2]%31, | (3.34)

where 7} is the half-width at 1/e-intensity point. In our analysis, m = 1.5 is assumed.
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Fiber Parameters: We used the following fiber parameters for SMF and DCF in our

numerical analysis.

Parameter SSMF DCF
o 0.2 dB/km 0.6 dB/km
D 17 ps/km/nm -100 ps/km/nm
abD
i 0.07 ps/nm*km | 0.09 ps/nm*km
¥ 1.36 W'km™ 5.4 W'km'
Ay 80 wm? 20 um*

Table 1: Fiber parameters used in our numerical analysis

Optical Amplifier Characteristics: Optical amplifiers are assumed to be placed at
regular interval in the system. Besides amplifying the signal, each amplifier adds ASE
to the amplified signal. The amplifiers are assumed to have a gain characteristic that is

flat with respect to wavelength.

The in-line erbium-doped fiber amplifiers (EDFAs) are supposed flat and noiseless,
with gain equal to the span loss. The receiver consists of an optical preamplifier, a
0.4 nm optical filter, and an electrical receiver. The transmission performance is
evaluated considering the worst case of received geometrical eye diagram, receiver
noise and the amplified spontaneous emission (ASE) noise of the optical preamplifier.
The accumulated ASE noise of the in-line amplifiers has not been considered in our
simulations, to highlight the effects of SPM. Because of the high fiber dispersion, the
effect of nonlinear propagation on the ASE spectrum (i.e., modulation instability) is

negligible [29]. Thus, the impact of the accumulated ASE noise is simply to add an
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extra penalty, which decreases with the increase of input power, and which can be

easily calculated as in a linear link {46].

We used the following parameter values for the pre-amplifier used in our numerical

analysis.

Parameter Values
F, 5.5dB
n, 1.77
v 193.5 THz
B 6.63x107*

Table 2: EDFA parameters used in the analysis

Photodetector Parameters: A p-i-n photodetector was used as a receiver in our

analysts. We used the following parameter values for the photodetector.

Parameter Values
R 0.8 A/w
R, 50 ohm
q 1.6x107™"
K, 1.38x107%
1, 10 nA
T 300" K

Table 3: p-i-n photodetector parameters
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3.7 Summary

In this chapter, we have described the numerical analysis technique followed during
our work. Since, there are no analytical solutions for NLSE, we solved it using split-
step Fourier transform method using the FFT algorithm as described in this chapter.
During the transmission of an optical pulse and during its detection within the
receiver different noise mechanisms degrade the actual pulse shape. The noise that
can be evolved and incorporated with the signal in our fiber-optic communication
model using in-line EDFAs has been discussed in this chapter. Because of noise
signal may be interpreted incorrectly. So, signal power should be a sufficient order of
magnitude larger than the noise power. Therefore, signal-to-noise ratio is an important
parameter for any transmission system. The system performance can also be judged
from thé value of Q-parameter or BER. We have also given the system parameters in

this chapter used in our analysis.
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Chapter 4

Performance Analysis of Post Compensation

Configuration

4.1 Introduction

We investigated the transmission performance of post-compensated SMF
transmission link. We simulated the pulse propagation in presence of both second-
order GVD and SPM effects using a numerical technique, namely, the split-step
Fourier transform method. SPM effects have been evaluated for a post-compensation
configuration. Since SPM effects depend on the magnitude of input power, we have
evaluated the maximum power levels that can be launched into a post-compensated
transmission fiber in different conditions. From the output pulse of the transmission
fiber, we calculated the eye opening penalty and the maximum threshold power
beyond which eye penalty exceeds 3 dB at different length and at different input
power levels. We also calculated the SNR and Q parameter considering optical pﬁlse
degradation due to interplay between GVD and SPM, receiver noise and preamplifier
ASE noise. We also investigated the effect of pulse shape on transmission
performance for a post-compensated transmission fiber. The results are presented

here.

4.2 Post-Compensation Configuration

In post-compensation configuration, single-mode fiber is followed by a dispersion
compensating fiber in which the sign of dispersion parameter is opposite to that of
dispersion parameter of SMF. The length of DCF can be selected for complete or
partial GVD compensation. The sign of dispersion parameter (ID1) of standard single-
mode fiber at 1.55 pum wavelength is positive. Then, the sign of the dispersion

parameter (DD;) of DCF must be negative for GVD compensation.

If DCF length satisfies equation L, =—(D,/D,)L,, where L, is the SMF length, then

no residual dispersion exists at the end of the transmission fiber. But if DCF length Z,

s *
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is smaller than that required to satisfy this equation, there will exist positive residual
dispersion as D, L, + D,L, will not vanish rather give positive number. Likewise, if
I, is larger than that required for zero residual dispersion, there will exist negative
residual dispersion at the end of the transmission fiber. It is found that, residual
dispersion is a figure of merit for transmission performance. End result is different at

each residual dispersion.

In our model of post-compensation configuration, we used 100 km of standard SMF
followed by L km of DCF as shown in figure 4.1. Such SMF-DCF link is then
followed by EDFA to exactly compensate the total fiber loss in SMF and DCF. Then
such spans are repeated required number of times for a long-haul transmission link.
The fiber parameters are chosen as in table 1. So when DCF length is 17 km, no
residual dispersion exists. But, when DCF length is less than 17 km, positive residual
dispersion exists and when DCF length is greater than 17 km, negative residual
dispersion exists. In our analysis we varied DCF length to evaluate the effect of zero,
positive and negative residual dispersion on self-phase modulation effect, and as a

result, effect on the system performance.

Residual
Dispersion

Booster O EDFA D
Tx [\ ' |\ Rx
| 100 km L km I/

L SMF DCF

Amplifier Spacing

vy

Fig. 4.1: Schematic diagram of a Post-compensation Configuration
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4.3 Simulation Results

Pulse propagation in the above-described post-compensation configuration was
simulated using split-step Fourier transform technique. We present here some of the
simulation results to show self-phase modulation effects on transmission performance

of a post-compensation configuration.

4.3.1 Complete Compensation
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Fig.4.2: Pulse shapes at different lengths of post-compensated transmission fiber with
zero residual dispersion. Input power is varied from —10dBm to 10dBm. Fiber length

is (a) 1000km (b) 2000km (c) 3000km (d) 4000km
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Fig.4.3: Eye diagrams at different lengths of post-compensated transmission fiber

with zero residual dispersion. Input power is varied from —10dBm to 10dBm. Fiber

length is (a) 1000km (b) 2000km (c) 3000km (d) 4000km

Output pulses at the end of 1000 — 4000 km transmission fiber link are given in figure

4.2. Peak powers of input pulses were varied from —10 dBm to 10 dBm. Since the

degree of SPM effect is pulse peak intensity dependent, it is shown that, for a fixed

length, input pulse shapes are almost restored at the output for lower input power

levels (i.e., -10 dBm to ~5 dBm). In these power levels, pulse broadening is almost

. :’t

g
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fully compensated by DCF. But as we increase power for input pulses, SPM effects

come into play greatly and pulse shapes are no longer restored.

In case of complete dispersion compensation, there exists no residual dispersion at the
end of a span. So no dispersion-accumulation happens. But as SPM produces positive
frequency chirping within the pulse both in SMF and DCF, it is not compensated
ratﬁer its effects accumulate from one span to another. So, we find that, for a fixed

input power, output pulses at lengths 1000 km — 4000 km show distortion with length.

Eye diagrams are drawn in figure 4.3 at lengths 1000 km — 4000 km. Peak powers of
input pulses were varied from —10 dBm to 7 dBm. The lowest opening at each length
is for 7 dBm input power. This is also because of higher degree of SPM effect at
highér input power. Still lowest opening decreases with length due to SPM effects
accumulation with length. 1t is shown in figure 4.3 that, normalized peak intensity
decreases and intensity from neighboring pulses are not zero at the bit-center of the
investigating bit. And this phenomenon increases both with the increase of input pulse
intensity and with the increase of transmission length. As a result, eye opening

decreases for both higher power and longer transmission length.

Eye opening penalty for a post-compensated fiber link is plotted in figure 4.4 for
different input power levels at transmission length 1000 km — 5000 km. Penalty is

calculated from eye diagram using the formula 20log,(a/b), where a is the

maximum eye opening at the input of the transmission fiber and & is the maximum
eye opening at the output of the transmission fiber. Like the previous observations,
eye-opening decreases with the increase of fiber length and input power and as a
consequence cye opening penalty increases with length and with power. Increase of
eye opening penalty reveals performance degradation of the system. So, we calculated
the power levels Beyond which eye opening penalty is beyond 3 dB. These maximum
threshold power decreases in longer transmission link, Relation between maximum
power threshold and transmission length is plotted in figure 4.5. It is found that
maximum 8.95 dBm input power can be launched into 1000 km transmission fiber

and still obtain eye penalty below 3 dB. At 2000 km this maximum power level

[
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decreases to 6.175 dBm. For longer transmission fiber this maximum threshold power

decreases further due to accumulation of SPM effects over the length of the fiber.

12 T T i H T I T
—&~ 1000km ! !

—+— 2000km

Eve npening penalty (d8)

Input power (d8m)

Fig.4.4: Eye opening penalty versus input power for different transmission length for

post-compensation configuration with zero residual dispersion
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Fig.4.5: Maximum threshold power levels (3 dB eye opening penalty) versus fiber
length for post compensation configuration with zero residual dispersion
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Fig.4.8: Signal-to-noise ratio versus transmission fiber length at different input

power for post-compensation configuration with zero residual dispersion

Q parameter and SNR are calculated for our model of post-compensation

configuration. In the calculations, with the degraded pulse shapes due to interplay -

between GVD and SPM, receiver noise and preamplifier ASE noise were considered.
The relation of Q parameter with the input power is depicted in figure 4.6 and the
relation of SNR with input power is depicted in the figure 4.7 respectively. Curves in
both of the figures show an initial upward slope and then downward slope after some
levels of input power. The initial increase of both Q parameter and SNR curves are
clear because optically generated current at the receiver depends directly on the
optical power reaching the receiver. So for higher input powers, more current induced
in the receiver. But as power increases SPM effects dominate the pulse propagation
and pulse broadening within SMF are not properly compensated within DCF. So,
noise levels increase. As a result, both curves show a downward slope with power at

higher levels.

A value of ‘6’ for Q is the 10” BER for the transmission system. It is seen that Q

versus input power curves touch this value twice. The lower value of input power

indicates the minimum power that must be applied to the system to obtain 107 BER.

This input power is the minimum threshold pbwer that is less determined by SPM
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effects. Shot noise, thermal noise and mainly the ASE noise of the preamplifier
dominates the determination of lower threshold power level. That is why, minimum
threshold powers even for 1000 and 5000 km are not far apart. Since SPM effects is
not much pronounced at these power levels. Though Q parameter increases with the
increase of power as received power is increased, noise level also increases. At some
input power Q parameter reaches peak and then starts to decrease. We also see that,
this peak value decreases for higher lengths and the input power levels at which peak
value of QQ parameter occurs also decreases for longer transmission fiber. Decrease of
Q parameter with the increase of input power touches value of ‘6’ again and gets
below that. The maximum power levels at which Q parameter is no longer greater
than ‘6’, the system cannot provide 10° BER. Therefore, this is the maximum
threshold power level that can be launched into the transmission fiber. These
maximum threshold power levels are mainly determined by the nonlinear effects,
namely, SPM in a dispersion compensated SMF transmission link. As a result, it is
seen that, maximum threshold power at different fiber lengths are far apart since SPM

effects accumulate over the length of the fiber.

Signal-to-noise ratio curves at different transmission lengths given in figure 4.7 show
similar relation with input power. SPM effects on SNR of a transmission system can
better be illustrated from figure 4.8 where SNR is plotted versus transmission length
for different input power levels. It is shown that, for smaller transmission fiber higher
input power results higher SNR. But as fiber length is increased, SNR gradually
decreases due to SPM accumulation. SNR decreases at a higher rate at higher input

power with the increase of fiber length as SPM effects depends on pulse intensity.
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4.3.2 Partial Compensation

We have investigated transmission performance of a post-compensation configuration

with partial dispersion compensation. We varied the DCF length of each span to vary

the accumulated residual dispersion at the end of the transmission fiber. It is found

that magnitude and sign of residual dispersion have different effects on the

transmission performance due to different interplay with SPM. Simulation results at

various residual dispersions are presented here.

Intensity (parmalized)

Intensity (normalized)

Inlensity (normalized)

Time (s80) 10" Time (ge0) x 1o

(a) - ©

Inlensity (normalized)

Tirne (sec) % 10" Time (set) 10"

(b) (c)
Fig.4.9: Eye diagrams at 1000 km transmission fiber with residual dispersion (a)
500ps/nm (b)1000 ps/nm (c) —500ps/nm (d) —1000ps/nm for a post-compensation

configuration . Input power levels were varied from -10 dBm to 7 dBm
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Eye diagrams are given in figure 4.9 for a 1000 km post-compensated transmission
system. Residual dispersion varied from —1000 ps/nm to 1000 ps/nm. Input power
levels were varied from —10 dBm to 7 dBm. In diagram 4.9(a) 500 ps/nm residual
dispersion was considered. Tt is shown that, eye opening increases at lower levels of
input power as input pulse compresses at the output. But with the increase of input
power, SPM effects are so high that pulse broadens and eye opening decreases. The
loWest eye opening in the diagram is for highest input power applied in our
investigation. In 4.9(b), since residual dispersion is 1000 ps/nm, pulse distorts much.
At lower input power levels, residual dispersion is almost counterbalanced be SPM
induced chirping, but at higher input powers pulse broadens and eye opening
decreases than 500 ps/nm. In both 4.9(c) and 4.9(d) negative residual dispersion were
considered. It is found from a comparison of diagrams 4.9(a) and 4.9(b), eye opening
is less with negative residual dispersion. Here at —1000 ps/nm residual dispersion it is
shown that eye opening decreases so much that acceptable performance from the

system may not be obtained. From a comparison of figure 4.9 with figure 4.3 it is

found that eye opening is still better in 500 ps residual dispersion than in zero residual -

dispersion. So, 500 ps/nm residual dispersion may be the better choice for a single

channel system than complete compensation.

From the discussion of section 2.4, we know that, GVD induces a negative frequency
chirp (instantaneous frequency decreases from the leading to the trailing edge) on the
pulse within SMF. But SPM induces a positive frequency chirp (instantaneous
frequency increases from the leading to the trailing edge) on the pulse as discussed in
section 2.6. Therefore, mutual interplay reduces the negative frequency chirp of the
pulse. So, the propagated pulse within SMF is actually less broadened than there were
no SPM. So, DCF length used for zero residual dispersion actually over-compensates
the incoming pulse from SMF. This is evident from this discussion that, to obtain less
distorted pulse, SMF dispersion should be designed to be under-compensated by the
DCF. So, positive residual dispersion should give better eye opening than zero
residual dispersion. But, if positive residual dispersion is so much to under-
compensate the dispersion, then eye opening may be worse. So, there must be some
optimum residual dispersion at which optimum performance would be obtained. As in
fisure 4.9, 500 ps/nm turns out to be optimum residual dispersion among the

considered residual dispersions.

P
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On the other hand, if DCF length is set for negative residual dispersion, pulse
dispersion will be more over-compensated than zero residual dispersion. As the
negative residual dispersion increases, the amount of over-compensation increases
and the pulse shape distorts and the pulse broadens outside its dedicated bit period. As
a result, eye opening for negative residual dispersion greatly decreases even for —1000

ps/nm residual dispersion.

o S — ;
—~ 0 ps/nm , \ i
—— 500 ps/nm '

gL 1000 ps/nm | ... L R O R .- G _
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-~ 1000 psfnm :

I

______________________________________________________________

......................................................

T AP T s Vg
h

Eye opening pernalty (dB)
) [N

B-----

D £ i
-10 B -6 4 2 0 2
Input power (cBmj

Fig.4.10: Eye opening penalty versus input power with different residual dispersion at

1000 km of a post-compensated transmission fiber
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Fig 4.11: Maximum threshold power at 3 dB eye opening at 1000 km transmission

fiber versus residual dispersion for a post-compensation configuration

Eye opening penalty at zero, positive and negative residual dispersion is plotted in
figure 4.10 to get an idea of the performance of different residual dispersions. Input
power levels were varied from —10 dBm to 7 dBm. Penalty is calculated from eye

diagram using the formula 20log,,(a/b), where a is the maximum eye opening at

the input of the transmission fiber and & is the maximum eye opening at the output of
the transmission fiber. It is shown that zero residual dispersion is not the best choice
for minimum eye penalty rather 500 ps/nm residual dispersion gives lower eye
opening penalty. Eye opening penalty is much larger for negaﬁve residual dispersion
than for positive residual dispersion especially for higher input power. From figure
4.10, it is evident that both 500 ps/nm and 1000 ps/nm residual dispersion can give
better performance at higher input power levels than =500 ps/nm and —1000 ps/nm
residual dispersion. Though —500 ps/nm residual dispersion can be used in the system,
-1000 ps/nm residual dispersion degrades eye opening so much that it 1s not

applicable to the transmission system.

In figure 4.11 maximum threshold power levels beyond which eye opening penalty

increases beyond 3 dB are plotted versus residual dispersion. This figure gives us an
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idea of maximum limit of po.wer that can be launched into the transmission fiber and
still keeping the eye opening penalty below 3 dB. It is found from the simulation
results, 250 ps/nm residual dispersion allows highest input power (9.65 dBm) to be
launched into a post-compensation configuration. This maximum threshold decreases
very sharply with increasing negative residual dispersion. But wifh positive residual
dispersion maximum threshold power levels remain above 8 dBm input power even at
2000 ps/nm. Nevertheless, at 1500 ps/nm and above residual dispersion, transmission
system should not be designed as at these residual dispersions minimum threshold
power levels increase as well. So, acceptable input power window decreases at higher

positive residual dispersion.

12

I I
—— Ops/nm
-~ S00ps/nm
—+— 1000ps/nm | : : :
10H —g- s00psinm |7 /77 " ! N L SERRREEREEE -

—— -1000psinm | ) ; . : N .

_______________________________

Input power (cBm)

Fig.4.12: Q parameter versus input power at different residual dispersion in a 1000km

post-compensated transmission fiber
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Fig.4.13: Signal-to-noise ratio versus input power at different residual dispersions in

a 1000 km post-compensated transmission fiber

SNR and Q parameter have been plotted against input power for a 1000 km
transmission link at different residual dispersions in figures 4.12 and 4.13
respectively. From the curves in both of the figures we can evaluate effect of residual
dispersion on the transmission performance. It is shown from both of the figures that
500 ps/nm gives better transmission performance than any other residual dispersions.
Better performance with positive residual disﬁersions is evident from figures 4.12 and
4.13 as both of the figures show that 500 ps/nm and 1000 ps/nm gives higher SNR
and Q parameter value than that of =500 ps/nm and —1000 ps/nm residual dispersions.
It is shown that, -1000 ps/nm residual dispersion results very poor SNR and Q
parameter value that in a practical system this level of residual dispersion is not

applicable.
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Fig. 4.14: Maximum threshold power levels at 10 BER versus residual dispersion at

1000 km of a post-compensated transmission fiber

In figure 4.14 the input power levels that can be applied to the system for a high bit
rate data transmission is investigated for different residual dispersions at the end of a
1000 km post-compensated transmission fiber. It is shown in the figure that at
negative residual dispersion maximum threshold that can be applied to.the system
decrease very sharply. Maximum threshold decreases so much at higher negative
residual dispersion that, beyond -750 ps/nm residual dispersion can’t give any power
level for which the system performance is acceptable. On the other hand, it is shown
‘that maximum threshold power levels are within acceptable range even for high
positive residual dispersion. In our model, 250 ps/nm allows highest input power. The
curve shows decrease of thfeshold p;ower beyond 500 ps/nm residual dispersion. Then
the threshold power again increases beyond 1500 ps/nm residual dispersion. It should
be noted that, though after 1500 ps/nm residual dispersion the maximum threshold
power levels increase, minimum threshold power levels also increase, to be noted,
very close to the maximum threshold. So, the applicable input power window gets
narrower at higher positive residual dispersion. Though maximum threshold at 2500
ps/nm residual dispersion is 9.22 dBm, minimum threshold is also very high, i.e., 6.2

dBm. So, we propose not to use the residual dispersion widow beyond 1500 ps/nm.



58

4.4 Use of Post-Compensation Configuration in WDM System

In an 8-channel WDM system with 0.8 nm channel spacing, total residual dispersion
within the channels is approximately 550 ps/nm. So, we can select —250 ps/nm to 300
ps/nm residual dispersion region in a post compensation configuration as figure 4.14
shows that this residual dispersion window allows maximum threshold of greater than
approximately 11 dBm. For a 16-channel WDM system with 0.8 nm channe! spacing,
total residual djspersion among the channels is 1100 ps/nm. We can choose 500
ps/nm to 600 ps/nm residual dispersion window, where maximum threshold power is
approximately above 8.5 dBm. In a 32-channel WDM system, we need a total of 2200
ps/nm residual dispersion. We can choose from —500 ps/nm to 1700 ps/nm residual

dispersion window where maximum threshold power is approximately above 8 dBm.

o



59

4.5 Effect of Pulse Shape on Transmission Performance

Both GVD of fiber and SPM effects due to nonlinear dependence of fiber refractive
index on pulse intensity depend on bulse shape. So, in addition to the dispersion
compensating technique and magnitude of residual dispersion, pulse shapes determine
the transmission performance as well. A Gaussian pulse shows low level of pulse
broadening due to GVD and low level of spectrum broadening due to SPM, whereas
super-Gaussian pulse with very sharp leading and trailing edges shows much higher
GVD-induced pulse broadening and SPM-induced spectrum broadening. As a result,

propagating pulse distortion is different in different input pulse shapes.

In section 2.4.3, it is discussed that dispersion-induced broadening is sensitive to
steepness of pulse edges. In general, a pulse with steeper leading and trailing edges
broadens more rapidly with propagation simply because such a pulse has a wider
spectrum to start with. Besides, SPM-induced frequency chirp is considerably larger
for pulses with steeper leading and trailing edges. So, interplay between GVD and
SPM varies according to the pulse shape and actually the SPM effects are more

serious for pulses with steeper leading and trailing edges.

In figure 4.15, eye diagrams are drawn for various input pulse shapes. We simulated
using a super-Gaussian pulse as given in equation (2.13), as
U0,7)= exp[—%(%)z”’] where steepness of the pulse is controlled by the value of
m. When m =1, the pulse is simply a Gaussian pulse. Eye diagrams are drawn for
different values of m to show the effects of pulse steepness on the pulse propagation.
It is shown from the figure that, when m =1, the pulse shape is restored at the end of
the transmission fiber even at the high level of input power. But as value of m is
increased, the pulse’s leading and trailing edges become steep and as a result, both
GVD and SPM effects are higher. So, pulse shapes are not restored at the end of the
transmission fiber. For higher levels of input powers, the eye opening degrades much

due to the higher SPM effects at that power levels.
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Fig. 4.15: Eye diagrams at post-compensated 1000 km transmission fiber at different

input power. Input pulse is a super-Gaussian pulse with m - (a) 1 (b) 1.4 (c) 1.8 (d)

2.2. Input power varied from —-10 dBm to 7 dBm.

The eye opening penalty at 1000 km transmission fiber with variable steepness of

pulse edges are drawn in figure 4.16. It is shown that, eye opening penalty increases

with the input power at a higher rate with pulses of steeper leading and trailing edges.

This phenomenon is better illustrated in figure 4.17 where eye-opening penalty is

drawn with relation to steepness of the pulse at different levels of input power. It is

shown that at each input power levels, eye-opening penalty increases with the

increase of m . Moreover, eye-opening penalty is highér at higher input power for

same value of m . It is interesting to note from the figure that, eye opening penalty

curves at each input power level show a declination initially with the increase of m.

This happens because for a Gaussian pulse intensity of the neighboring pulses does
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not become zero at the bit center of the investigating pulse, rather neighboring pulse
has significant intensity at the pulse center. But with the increase of steepness of the
pulse, this inter-symbol interference decreases and as a result, eye-opening penalty

shows declination initially with the increase of pulse steepness.

n

3.5

Hoano
- A —a s
momhha

333333

n
&)

......................

e —— -

—
4]

Eve apening penalty (dB}
P

o b-----

-10 8 -6 4 2 0 2 4 6
Input power (d8m)

10

Fig. 4.16: Eye opening penalty versus m of a super-Gaussian pulse at 1000 km of a

post-compensated transmission link
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Fig. 4.17: Eye penalty versus steepness of input pulse shape (m) at different input

power levels at a post-compensated 1000 km transmission link
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Fig. 4.20: Signal-to-noise ratio versus input power for different pulse shape (m) at

2000 km of a post-compensated transmission link-

Maximum power levels beyond which eye opening penalty is greater than 3 dB for
different pulse shapes at 2000 km of transmission fiber is given in figure 4.18. It is
shown that maximum threshold power reduces much for steeper leading and trailing
edges. For m =1, maximum power that can be applied still obtaining 3 dB eye
opening penalty is 6.87 dBm, whereas this value becomes only 3.3 dBm for a super-
Gaussian pulse with m = 2. The transmission performance for different input pulse
shapes have been evaluated and the results are plotted in figure 4.19 and 4.20. In
figure 4.19, Q parameter is plotted against m and in figure 4.20 SNR is plotted
against m . Both of the figures represent the philosophy described so far. That is - for
an input pulse with steeper leading and trailing edges pulse stretching in SMF and
pulse recompression in DCF are disturbed more and as a result, Q parameter and SNR

both decrease at a fixed power for higher value of m.
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4.6 Summary

In this chapter, we have discussed the effects of SPM in optical fiber transmission
system with dispersion compensated by a DCF connected at the end of the
transmission link. We have shown the effects of zero, positive and negative residual
dispersions on the transmission performance. We put our emphasis especially on the
self-phase modulation-limited maximum threshold power that can be applied to the
system and still achieving required performance (i.e., 10° BER). The most
remarkable observation that can be made from the above analysis that in post-
compensation scheme, residual dispersion exhibits higher maximum threshold than
zero dispersion. Our observation turns out to be same what was asserted in [29].
Moreover, we emphasize that our analysis permits to verify some other results present
in the literature, for example that the region corresponding to positive residual
dispersion assures, in general, better performances than the negative ones for a post-
compensation configuration. This is due to the pulse compression effect induced by

SPM during its propagation within SMF.

Moreover, we have discussed the feasibility of application of post-compensation
configuration in a WDM system. It is found that, for an §-channel WDM systehl, the
region can be selected to contain both negative and positive residual dispersion. But
for 16-channel and 32-channel WDM system we will have to extend the residual

dispersion window toward the positive residual dispersion region.
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Chapter 5

Performance Analysis of Pre-Compensation

Configuration

5.1 Introduction

In this chapter, we investigate the transmission performance of a pre-compensated
transmission link. We simulated the pulse propagation in an in-line optical amplifier
dispersion compensated system in presence of both second-order GVD and SPM
effects using split-step Fourier transform method. From the obtained output pulse we
determine eye diagram at different lengths and at different residual dispersions. Then
we determine the maximum threshold power levels at different lengths and at
different residual dispersions of transmission fiber. Thus we find out best suitable

residual dispersion region in a pre-compensation configuration for a WDM system.

5.2 Pre-Compensation Configuration

In pre-compensation configuration, DCF 1s followed by standard single-mode fiber.
Residual dispersion can be varied i the same way as in the post-compensation
configuration. Since SPM effect is different on the propagating pulse in a fiber with
positive dispersion parameter than in a fiber with negative dispersion parameter,

interplay between GVD and SPM changes much in PRCC than POCC.

) ) Residual
P Amplifier Spacing Dispersion

R R e >

~

Booster g O EDFA
Tx I\ I\ Rx
| L km 100 km 4

_ DCF SMF )

Fig. 5.1: Schematic diagram of pre-compensation Configuration
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In our model of pre-compensation configuration, L km of dispersion compensating

fiber (DCF) precedes 100 km of standard single-mode fiber (SMF) and the fiber

losses are compensated periodically for such DCF-SMF links as shown in figure 5.1..

A single channel, modulated with a 10-Gb/s nonreturn-to-zero (NRZ) bit sequence,
generated through a chirp free transmitter, is launched into DCF and gets chirped and
broadened due to interaction between GVD and SPM. This chirped and broadened
pulse is recompressed during its propagation through the SMF. As in post-
compensation, 17 km of DCF results zero residual dispersion for 100 km of SMF.
DCF length of higher than 17 km and lower than 17 km result negative and positive

residual dispersion respectively.

5.3 Simulation Results

Pulse propagation in the above-described pre-compensation configuration was
simulated using split-step Fourier transform technique. We present here some of the
simulation results to show self-phase modulation effect on transmission performance

of a pre-compensated fiber link.

5.3.1 Complete Compensation

Transmission fiber impoées a dispersion-induced chirp on the pulse during its
propagation. If the initial chirp is in the opposite direction of that imposed by GVD,
the two tend to cancel each other, resulting in an output pulse narrower than the input
pulse. The exact chirp cancellation occurs only at a specific distance. In the time
domain, the compression process can be visualized as follows. Different frequency
components of the pulse travel at different speeds in the presence of GVD. If the
leading edge of the pulse is delayed by just the right amount to arrive nearly with the
trailing edge, the output pulse is compressed. Positively chirped pulses (frequency
increasing toward the trailing side) require anomalous or negative GVD ( /3, ) in order
to slow down the red-shifted leading edge. By contrast, negatively chirped pulses

require normal or positive GVD ( A, ) to slow down the blue-shifted leading edge.
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Fig.5.3: Eye diagrams at zero residual dispersion for different input powers at fiber

length (a) 1000 km (b) 2000 km in pre-compensation configuration

In DCF the transmitted pulse is positively chirped (frequency increases from the
leading toward the trailing edge). The leading edge frequency is down shifted and the
trailing edge frequency is up shifted. SPM produces new frequency components
within the transmitted pulse and imposes chirping on the pulse also in the positive

direction. It is to be noted that since SPM depends on intensity of the pulse, its effects
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are imposed on the pulse up to some km of fiber. Due to loss, pulse intensity
decreases and SPM effects get less and less serious down the fiber link. In our model,
the pulsc intensity is attenuated almost 30 dB. So, down the fiber, intensity dependent

non-linear effect is not serious.

The extra-chirped pulse due to SPM enters SMF. The chirping induced in SMF is
opposite to that induced in DCF. For zero residual dispersion chirping induced by
DCF is cancelled by chirping' induced by SMF. But as the pulse contains extra
chirping and frequency components, it gets compressed. Since nonlinearity in the
induced frequency chirping is increased at higher input power due to SPM and this
effect accumulates over fiber length, pulse distortion increases both at higher input

power and at longer fiber link.

Propagated pulses at the end of 1000 km — 2000 km transmission link are given in
figure 5.2. Peak powers of input pulses were varied from —10 dBm to 7 dBm.-The
curves show that, pulses gradually compress with the increase of input power. But at
some level of input power, compression is maximum and pulses can no longer be
compressed. Since the degree of SPM effect is pulse peak intensity dependeht, it is
shown that, for a fixed length input pulse shapes are almost restored at the output for
lower input power levels (i.e., -10 dBm to 0 dBm). In these power levels, pulse
broadening in DCF is successfully compressed within SMF. But as we increased
power for input pulses, compression is maximum at some input power level and the

pulse gets distorted and the pulse intensity oscillates.

Dispersion is completely compensated in each span. So no dispersion-accumulation
happens. But as SPM produces chirping always in the positive direction, it is not
compensated rather its effects accumulate from one span to another. So, we find that,
for a fixed input power, output pulses at lengths 1000 km and 2000 km show higher
degree of distortion at higher length.

Eye diagrams at (a) 1000 km and (b) 2000 km are drawn in figure 5.3. Maximum
input power that used in our simulation is 4.77 dBm (3 mW). It is shown that pulses
are compressed up to this power level at both 1000 km and 2000 km. But at 2000 km

transmission fiber pulse compression is so high that at 4.77 dBm input power pulse

fa\a
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shape is no longer restored rather its magnitude fluctuate seriously. Further increase
of input power, distorts the pulse shape so much that the compensation technique is

no longer suitable to be used at a power level beyond this value.

5 : : ! . :
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Input power (dBm;)

Fig. 5.4: Eye opening penalty versus input power at different fiber lengths for a pre-

compensation configuration with zero residual dispersion

Eye opening penalty versus input power for a pre-compensated transmission fiber is
plotted in figure 5.4 at 1000 km — 5000 km. All curves show decrease of eye opening
penalty as input pulses are compressed for lower levels of input power and then a
sharp increase of eye opening penalty due to pulse distortion. This is because of
higher degree of SPM effect at higher input power. As SPM effects are not
compensated by any opposing effect, it accumulates over the length. This
accumulation effect is evident from the curves as we see that pulse compression is
higher for a fixed input power for longer transmission length and pulse distortion also

happens earlier at longer transmission fiber.
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Fig. 5.6: Signal-to-noise ratio versus input power at different length of transmission

fiber for pre-compensation configuration with zero residual dispersion

In figure 5.5, we plot 3 dB eye opening penalty points versus fiber length. It is shown

that, maximum threshold power decreases very sharply with the increase of length. At
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1000 km we can apply up to 13 dBm input power and still achieve 3 dB eye opening
penalty. But at 2000 km, we can apply only 5.5 dBm and still achieve 3 dB eye
opening penalty. The maximum threshold power that can be applied decreases further

at 3000 km and upward.

SNR versus input power relation for a pre-compensation configuration is plotted in
figure 5.6 where GVD is completely compensated. Receiver noise and preamplifier
ASE noise are considered with the distorted pulse due to propagation in presence of
both GVD and SPM in the calculation of SNR. At lower levels of input power, SNR
is mainly determined by ASE noise of preamplifier. SPM effects are stronger at high
input power and then it dominates the determination of SNR. The rate of increase of
SNR at lower power levels is shown to be higher than that of in post-compensation
configuration as shown in figure 4.7. This is because of the pulse compression in a

pre-compensated transmission link with zero residual dispersion.
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5.3.2 Partial Compensation

We have investigated transmission performance of a pre-compensation configuration
with partial dispersion compensation. We varied the DCF length of each span to vary
the accumulated residual dispersion at the end of the transmission fiber. It is found
that magnitude and sign of residual dispersion have different effects on the
transmission performance due to different interplay with SPM. Simulation results at

various residual dispersions are presented here.
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In figure 5.7 pulse shapes are drawn at 1000 km for various residual dispersion. Input
power varied from —10 dBm to 7 dBm. Eye diagrams at various residual dispersions
at 1000 km of transmission fiber for different input power levels are drawn in figure
5.8. We varied input power levels from —10 dBm to upward. In 5.8(a) 500 ps/nm
residual dispersion was considered. Here, maximum input power that was applied to
the system was 3.5 mW. It is seen from the diagram that pulse compresses and as a
result eye opening increases up to 3 mW input power. At 3.5 mW pulse can no longer

compress. So a distorted pulse is found. As a result, eye opening decreases at 3.5 mW
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input power. If input power is further increased, eye opening will be closed enough to
be applicable in any practical purpose. Eye diagram for 1000 ps/nm residual
dispersion is drawn in 5.8(b). Here, pulse compresses up to 2 mW of input power. But
at 2.5 mW input power pulse distorts and broadens that eye opening is reduced very
much. So, it is evident that 1000 ps/nm residual dispersion is not a suitable value for a
pre-compensation configuration. In 5.8(c) eye diagram is drawn for -500 ps/nm
residual dispersion. Eye opening is very wide for this value of residual dispersion for
the input power levels used in the diagram. Input power was varied up to 7 dBm.
- Lowest opening shown in the diagram is for 7 dBm of input power. In 5.8(d) eye
diagram for —1000 ps/nm residual dispersion at 1000 km of transmission fiber is
drawn. Up to 7 dBm input power is applied to see the SPM effect on the pulse
transmission in a pre-compensation configuration at this value of residual dispersion.
Eve opening degrades due to large value of residual dispersion. Eye opening
decreases with the increase of input power. Minimum eye opening is for maximum

Input power.

Eye opening penalty curves are plotted versus input power at different residual
dispersiohs in figure 5.9. It is shown that, at 0 ps/nm residual dispersion eye penalty
decreases as the pulse compresses. The degree of compression increases with the
increase of input power. This is because of positive chirping induced by SPM
increases with the increase of input power. At 500 ps/nm residual dispersion pulse
compresses more than at 0 ps/nm residual disperston but breaks down at some
threshold power (~5 dBm) and as a result, eye penalty increases sharply. At —500
ps/nm residual dispersion, though pulse is not compressed much but shows very small
increase of eye penalty with the increase of input power. This happens because of
cancellation of residual dispersion effect by the SPM induced chirping up to much
higher levels of input power. Both at —1000 ps/nm and 1000 ps/nm residual
dispersions, eye penalty curves show that, penalty increases substantially even at

lower levels of input power,
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In figure 5.10 maximum threshold power at 3 dB eye opening penalty is plotted
versus residual dispersion at 1000 km of a pre-compensated transmission fiber. It is
found that, zero residual dispersion is not the optimum residual dispersion for
maximum threshold power rather —250 ps/nm residual dispersion allows higher input
power to be applied to the pre-compensation system. So, for the fiber parameters
selected in our analysis, -250 ps/nm residual dispersion is the best choice among the
values analyzed. It is shown that, maximum threshold power decreases sharply at both
positive and negative residual dispersion region. But at negative residual dispersion
region, rate of decrease is higher and it is found that beyond —1000 ps/nm residual
dispersion we can not get any residual dispersibn region that provide 3 dB eye
opening penalty. On the other hand, the region extends toward 1500 ps/nm and even
higher residual dispersion. So, if we have to sélect narrow region of residual
dispersion, it can be selected from negative residual dispersion region. But if wide
residual dispersion region is to be selected, we have to move to positive residual

dispersion region.

Signal-to-noise ratio versus input power curves are plotted in figure 5.11 at -1000
ps/nm to 1000 ps/nm residual dispersion at 1000 km transmission fiber. It is shown
that stable relationship is obtained at —500 ps/nm among the residual dispersions
considered in this figure. It is worth noticing that better result can be obtained at
positive residual dispersion (i.e., 500 ps/nm) if the input power is kept substantially
low (i.e., less than 1 dBm).
.t

Maximum power that can be applied to the transmission link and still obtain™a
minimum of 107 BER is plotted against residual dispersion in figure 5.12. Maximum
threshold power is shown to be highest at 250 ps/nm residual dispersion among the
residual dispersion values considered in our analysis. But in pre-compensated link, the
maximum threshold power decreases very sharply at both negative and positive
residual dispersion region. At 1250 ps/nm negative residual dispersion and at higher
negative residual dispersion the 10 BER can’t be achieved. Similarly at 1500 ps/nm
positive residual dispersion and higher positive residual dispersion 10 BER can’t be

achieved.
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5.4 Use of Pre-Compensation Configuration in a WDM System

When a single channel is transmitted through the system, we can choose zero, -250

ps/mm or —500 ps/nm residual dispersion with —250 ps/nm residual dispersion

resulting the best possible performance. If multiple channels are transmitted we will

have to select the channel wavelengths in such a way so that for all channels input
power levels can be.as high as possible to maintain better SNR at high bit rate. For the
fiber parameters chosen in our analysis, for an 8-channel WDM system with 0.8 nm
channel spacing, total residual dispersion within the channels will be approximately
550 ps/nm at 1000 km transmission fiber. So, we can choose =550 ps/nm to 0 ps/nm
residual dispersion region for this purpose. Maximum threshold power at this region
is greater than 12 dBm. But for a 16-channel system, the channels will exhibit a total
of 1100 residual dispersion at 1000 km transmission fiber. From figure 5.12 it is
shown that, we will have to select residual dispersion region for such a WDM system
where maximum input power can be as low as 8 dBm. We can select the region
between —850 ps/nm and 250 ps/nm. For a 32-channel, we need 2200 ps/nm residual
dispersion window to accommodate all the channels with 0.8 nm spacing at 1000 km
transmission fiber. But it is difficult to select 2200 ps/nm residual dispersion region
from figure 5.12 for pre-compensation configuration. We will have to move to
positive residual dispersion region. But the selected window will have as low as less

than 5 dBm maximum threshold power.

5.5 Summary

We have discussed the transmission performance of a pre-compensation configuration
in this chapter. Power margins that can be applied to the system at different
transmission length have been evaluated. It is found that power margin decreases
sharply with length in a pre-compensation configuration. Though for 1000-km
transmission link 13 dBm power can be launched, only 5.5 dBm power can be
launched in 2000-km transmission link. Performance analysis with different
magnitude of residual dispersion provides us to choose the optimum residual
dispersion. It is found that zero residual dispersion is not the best choice rather ~250

ps/nm residual dispersion allows maximum input power. Since a WDM system

-
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implementatidn always requires to study the system at residual dispersion, we can
have an idea of performance of pre-compensation technique when multiple number of

channels are applied from the discussion.
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Chapter 6

Performance Analysis of Bi-end Compensation

Configuration

6.1 Introduction

The transmission performance of bi-end compensation configuration in presence of
SPM will be presented and analyzed in this chapter. The performance will be
evaluated by simulating the pulse propagation in presence of both second-order GVD
and SPM effects using a numerical technique, namely, the split-step Fourier transform
method. As we did in chapters 4 and 5, the maximum power levels that can be applied
to the transmission system will be quantified. From the simulation of pulse
propagation eye diagrams will be drawn. Then performance of the compensation
configuration will be calculated considering receiver and pre-amplifier characteristics.
We calculated the eye opening penalty and the maximum threshold power beyond
which eye penalty exceeds 3 dB at different length and at different input power levels.
We also calculated the SNR and the Q parameter considering optical pulse
degradation due to interplay between GVD and SPM, receiver noise and preamplifier

ASE noise. The results are presented here.

6.2 Bi-end compensation configuration

[n bi-end compensation configuration, dispersion compensating fiber is connected at
the both ends of the single-mode fiber. The combined length of DCF at the both end
can be selected to compensate GVD completely or partially. Since the sign of

dispersion parameter (D,) of standard single-mode fiber at 1.55 pm wavelength is
positive, the sign of the dispersion parameter ( D, ) of DCF must be negative for GVD

compensation.

If total length of DCF at both ends satisfies equation Lyer =—(D,/ D)L, , where
Lsyr 18 the SME length, then no residual dispersion exists at the end of the

transmission fiber. But if total length of DCF £, is smaller than that required to

o
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satisfy the equation, there will exist positive residual dispersion as D, L, + D, L,
will not vanish rather give positive number. Likewise, if Z,.. is larger than that
required for zero residual dispersion, there will exist negative residual dispersion at
the end of the transmission fiber. We varied Ly to show the effect of residual

dispersion on the transmission performance of bi-end compensation configuration.

In our model of bi-compensation configuration, we used L| km of DCF connected at
the input end of the SMF and L; km of DCF connected at the output end of the DCF
as shown in figure 6.1. Total length of the DCF is set to compensate the GVD of the
SMF. To compensate completely the GVD of SMF, L;+L, must be 17 km of length.
To vary the residual dispersion we vary only L,. For zero residual dispersion we

select L]:Lz.

Residual
Dispersion

Al 007 s
1

P Amplifier Spacing

Likm 100km L,km
DCF  SMF DCF J

Fig. 6.1: Schematic diagram of bi-end compensation configuration

6.3 Simulation Results

Pulse propagation in the above-described bi-end compensation configuration was
simulated using split-step Fourier transform technique. We present here some of the

simulation results to show self-phase modulation effect on transmission performance.

o
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6.3.1 Complete Compensation
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Fig. 6.2: Pulse shapes at different input power levels at (a) 1000 km (b) 2000 km (c)
3000 km (d) 4000 km for BECC with zero residual dispersion
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different power levels for BECC with zero residual dispersion. Input power is varied

from —10 dBm to 7 dBm.

Propagated pulses at the end of 1000 km — 4000 km transmission link are given in
figure 6.2. Peak power of input pulses were varied from —10 dBm to 15 dBm. It is
shown that, in bi-end compensation configuration pulse shape distortion is less up to
much higher levels of input power. Pulse gets compressed due to SPM effect in a bi-
end compensation configuration. As input power is increased, SPM induced chirping
and new frequency component generation increases, and as a result, pulse

compression increases with power. But after some maximum input power level pulse
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can no longer compress. As the nonlinear chirping induced by SPM increases so
much, pulse gets distorted at higher input power levels. Since SPM accumulates over
the length, pulse compression is higher at lower input power levels and distortion of
pulses happen at lower input power at longer transmission link. In 6.2(a) pulse shapes
at 1000 km for different input power levels are drawn. It is found that pulse shapes are
almost restored up to 10 dBm of input power levels. After 10 dBm input power,
pulses distort. But up to 15 dBm the distortion is not high in a bi-end compensation
configuration at 1000 km. In 6.2(b), 6.2(c) and 6.2(d) pulse shapes are drawn at 2000
km, 3000 km and 4000 km respectively. Due to accumulation of SPM effects with
length, it is found that pulse compression is higher at same power at longer

transmission link.

Since we used .. of 17 km, dispersion is completely compensated in each span. So

no dispersion-accumulation happens. But as SPM produces positive frequency
chirping within the pulse both in SMF and DCF, it is not compensated rather its
effects accumulate from one span to another. So, we find that, for a fixed input power,

output pulses at lengths 1000 km — 4000 km show distortion with length.

Eye diagrams are drawn in figure 6.3 at lengths 1000 km — 4000 km. Peak power of
input pulses were varied from —10 dBm to 7 dBm. Eye diagrams show increase of eye
opening at these po@er levels with the increase of input power levels due to
compression effect. So, actually highest opening is for 7 dBm and lowest opening is
for ~10 dBm input power. The pulse shapes show slight compression up to this power
levels. But if power is increased beyond limit, the pulse compression reaches
maximum and as a result it distorts and the opening decreases. Since up to 7 dBm
input power levels the pulses do not broaden, rather compress, inter-symbol
interference from the neighboring pulses is minimum and this causes to increase the

eye opening.
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Maximum threshold power levels below which eye opening penalty is less than 3 dB
are plotted against fiber length in figure 6.4. Eye penalty was calculated using the

formula 20log,,(a/b), where a is the maximum eye opening of the pulse at the

input of the transmission fiber and & is the maximum eye opening at the output of the
transmission fiber. Maximum threshold power level decreases with the increase of
fiber length. Since no dispersion accumulation occurs with the length of the fiber, this
decrease of threshold power is due to SPM effects accumulation. It is shown that,
maximum threshold power is 20.3 dBm for 1000 km transmission fiber. This value is
greater than that of both of post- and pre-compensation configuration. It is found that,
even at 5000 km transmission fiber 9.4 dBm power can be applied and still the power

penalty remains within 3 dB penalty.

Transmission performance of the bi-end compensation configuration is depicted as
SNR with respect to input power levels at 1000 km — 5000 km of transmission fiber
lengths. As in eye opening penalty curves in figure 6.5, SNR curves show almost
same values at different transmission lengths up to the input power levels considered
in the analysis. For each curve, SNR increases with input power up to approximately
10 dBm. That means SPM effects up to approximately 10 dBm are not serious for a
bi-end compensation configuration. After increasing the input power above 10 dBm,
SPM effects start to degrade the pulse shapes and as well as the eye opening and as a
result, SNR starts to fall. Nevertheless SNR shows minimum required value at much
higher value of 10 dBm. So, it is evident that bi-end compensation configuration
allows much higher input powers for high bit rate long-haul transmission system and

still keeping the SPM effect negligible.

b
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6.3.2 Partial Compensation
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Fig. 6.6: Eye diagrams at 1000 km for bi-end compensaied transmission link with (a)

500 ps/nm (b) 1000 ps/nm (c) ~500 ps/nm (d) —1000 ps/nm residual dispersion

Eve diagrams at various residual dispersions at 1000 km of transmission fiber for
different input power levels are given in figure 6.6. We varied input power from —10
dBm to upward. For figure 6.6(a), 6.6(c) and 6.6(d) maximum input power used was 7
dBm. For figure 6.6(b) maximum 5 dBm input power was used. Figure 6.6(a) shows
that, eye opening increases with the increase of input power due to compression effect
in presence of SPM. Highest eye opening is for the 7 dBm of input power. This effect
is better illustrated in figure 6.7 where we plotted eye opening penalty versus input

power levels for various residual dispersions. There it is shown that, eye opening



88

penalty gradually decreases with the increase of input power up to 7 dBm. In 6.6(b)
eye diagram is drawn for 1000 ps/nm residual dispersion. Here, also pulse
compression occurs at lower input powers. But after application of 5 dBm of input
power it is shown that pulse can no longer be compressed and as a result, pulse
distorts due to the interplay between GVD and SPM. This effect is further illustrated
in figure 6.7 where it is shown that eye opening increases very sharply after 3 dBm of
input power. In 6.6(c), eye diagram for —500 residual dispersion is drawn. Here,
minimum eye opening is for maximum input power (i.e., 7 dBm) and maximum eye
opening is for minimum input power (i.e., -10 dBm). It is clear from the diagram that
pulse compresses only for low levels of input power. At higher power level, such as at
3 dBm input power, pulse broadens. As a result peak power decreases and interferes
in the neighboring pulses. Eye diagram for —1000 ps/nm residual dispersion is drawn
in figure 6.6(d). Due to high residual dispersion, interplay between GVD and SPM
broadens the pulse so much that eye opening decreases greatly for 7 dBm input
power. Eye diagram shows degradation even in ~10 dBm of input power where SPM
effect is very low. This is mainly because GVD is over compensated at such a high

level of residual dispersion.
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Eye opening penalty is plotted versus input power levels at different residual

dispersions at 1000 km of bi-end compensated transmission fiber in figure 6.7.
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Residual-dispersions were varied from —1500 ps/nm to 1500 ps/nm. Curve for each
residual dispersion shows huge difference from one another. So, residual dispersion is
an important consideration of system design. At 0 ps/nm residual dispersion, eye
opening is always close to zero up to maximum power level (i.e., 7 dBm) of our
investigation. At 500 ps/nm residual dispersion, eye opening penalty curve is even
below the curve of 0 ps/mm residual dispersion for the powér levels of our
investigation. Eye penalty at 1000 ps/nm shows decrease with power initially but after
some input power levels (i.e., 3 dBm), it shows steep rise with input power. 1500
ps/nm residual dispersion curve shows similar behavior as 1000 ps/nm residual
dispersion except that eye penalty is also higher at low level of input power. For
negative residual dispersion, curves show an increase of eye penalty with the input
power and this phenomenon is higher in higher negative residual dispersion. At -1500
ps/nm tesidual dispersion, eye opening penalty is always higher than 3 dB penalty that

this level of residual dispersion is totally unusable in a practical system.

Maximum threshold power at 3 dB eye opening penalty is plotied versus residual
dispersion at 1000 km of transmission fiber in figure 6.8. It is found that, zero residual
dispersion allows highest maximum threshold power to be applied to the system.
Maximum threshold power levels decrease at both negative and positive end of the
zero residual dispersion. The rate of decrease is much faster in the negative residual
dispersion region. For negative residual dispersion beyond —1000 ps/nm 3 dB eye
opening is not available at all, whereas even at 2000 ps/m positive residual dispersion
3 dB eye opening penalty is possible at 8 dBm. But, though maximum threshold
power shows increasing after 1000 ps/nm residual dispersion in figure 6.8, it worth
noticing that after this residual dispersion, minimum threshold also increases. After
2000 ps/nm residual dispersion, minimum threshold voltage is found to be very near
to the maximum threshold. So, in using the system at such levels of residual
dispersion, the input power window that will give us acceptable output performance is
very limited. So, we propose that, the system must not be operated at residual

dispersion beyond 1500 ps/nm.
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SNR characteristics of the bi-end compensation configuration are plotted in figure 6.9
at various residual dispersion for both positive and negative values. It is shown from
the figure that SNR characteristic is better at 500 ps/nm than at 0 ps/nm residual
dispersion at least up to power levels of our investigation. SNR curve for 1000 ps/nm
shows sharp decrease of SNR after 5 dBm of input power and so does not give
acceptable performance level. Though —500 ps/nm residual dispersion is shown to be
acceptable even at more than 7 dBm of input power, -1000 ps/nm negative residual
dispersion gives very poor performance that may not be sufficient for minimum -
required performance. So, bi-end compensation configuration at ~1000 ps/nm and any

higher value of negative residual dispersion should not be used as per our analysis.

Maximum threshold power levels that can be applied to the transmission system and
still obtain 10”° BER are plotted versus residual dispersions in figure 6.10. It is shown
that, maximum input power of 22 dBm can be applied to a bi-end compensation
configuration system with zero residual dispersion. It is also found that, apart from
post- and pre-compensation configuration, zero residual dispersion gives the highest
allowable input power in a BECC. Moreover, positive residual dispersion is shown to
offer required transmission performance better than negative residual dispersion. In
positive residual dispersion region 10 BER is achieved up to 2000 ps/nm. But after —

750 ps/nm residual dispersion 10 BER is no longer achieved.

6.4 Use of Bi-end Compensation Configuration in WDM System

For an 8-channel system with 0.8 nm channel spacing, the channels will have a total
of approximately 550 ps/nm residual dispersion. We can choose —200 ps/nm to 350
ps/nm residual dispersion window as shown figure 6.11 where greater than 15 dBm
input power can be applied to the system. For a 16-channel system, we need 1100
ps/nmm window. We can select 600 ps/nm to 500 ps/nm residual dispersion window
where input power is greater than 10 dBm. Even for a 32-channel where required
residual dispersion window is 2200 ps/nm, we can use —700 ps/nm to 1500 ps/nm

where input power can be applied greater than 8 dBm.
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6.5 Comparison with Post- and Pre-Compensation Configuration

The performance of a compensation technique in presence of SPM mainly depends on
the maximum threshold power that can be applied to the system and still achieve
minimum required performance from the system. To compare post-, pre- and bi-end
compensation configuration with one another, we present following two tables where
the maximum threshold power limit is given against fiber length and for a WDM

system.

Fiber
Length POCC PRCC BECC
1000 km 9 dBm 12.98 dBm 20.3 dBm
2000 km 6.2 dBm 5.45 dBm 18.3 dBm
3000 km 4.45 dBm 2.88 dBm 16.9 dBm
4000 km 3.23 dBm 1.13dBm 12.1 dBm
5000 km 2.3dBm 0.5dBm 9.4 dBm

Table 4; Maximum threshold power at 3 dB eye opening penalty at 1000 km — 5000
km for POCC, PRCC and BECC,

No. of POCC PRCC BECC
channels

8 11 dBm 12 dBm 15 dBm

16 8.5 dBm § dBm 10 dBm

32 8 dBm 4dBm % dBm

Table 5: Maximum threshold power at 10” BER for WDM system for POCC, PRCC
and BECC

Table 4 specifies maximum threshold power levels at 1000 km to 5000 km
transmission link for POCC, PRCC and BECC. It is clear from the table that, at length
1000 km to 5000 km BECC always support highest maximum threshold power among
the three compensation configuration. At longer length, both POCC and PRCC show

huge degradation of threshold power due to SPM accumulation. On the other hand,Q
even at 5000 km transmission fiber BECC allow 9.4 dBm. So, it is evident from the

table that BECC is the suitable choice for a long-haul transmission system.
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Table 5 specifies maximum threshold power levels determined at 10° BER at 1000
km for a WDM system for different number of channels. It is found that, for an 8-
channel WDM system all three compensation schemes are capable of allowing high
input power with BECC allowing the highest (i.e., 15 dBm). For 16 and 32 channels
WDM system, maximum threshold power in PRCC decreases so much that it is not
usable in a practical system for a high bit rated long haul WDM system. POCC and
BECC are capable of allowing high input power levels with BECC allowing the
higher. |

So, from the above discussion it can be concluded that both for a long-haul single
channel or multiple channel WDM system, BECC should be the best. suitable

compensation configuration.

6.6 Summary

In this chapter, we have discussed the performance of optical fiber transmission
system with dispersion compensated by DCF connected at both end of the standard
single-mode fiber. We have shown the effects of zero, positive and negative residual
dispersions on the transmission performance. We put our emphasis especially on the
'self-phase modulation limited maximum threshold voltage that can be applied to the
system and still achieving required performance (i.e., 10° BER). The most
remarkable observation that can be made from the above analysis that in bi-end
compensation scheme, zero residual dispersion exhibits highest maximum threshold
than any other residual dispersion. We emphasize that our analysis shows that as in
post- and pre-compensation bi-end compensation configuration exhibits better

performance with positive residual dispersion than with negative residual dispersion.

For a long-haul transmission system bi-end compensation configuration shows better
characteristics in comparison with both post- and pre-compensation configuration. It
is found that at 1000 km to 5000 km transmission link in bi-end compensation
configuration SPM effect is minimum. So, BECC gives the higher maximum

threshold power at 3 dB eye opening penalty.
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Moreover, we have discussed the feasibility of application of bi-end compensation
configuration in a WDM system. With comparison to post- and pre-compensation
configuration, it is found that bi-end compensation configuration allows higher
threshold power for WDM system for all the channels. It is also found that, for an 8-
channel WDM system, the region can be selected to contain both negative and
positive residual dispersion. But for 16-channel and 32-channel WDM system we will
have to extend the residual dispersion window toward the positive residual dispersion

region.

)
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Chapter 7

Conclusion

7.1 Conclusion of this Study

A detailed investigation has been carried to evaluate the performance of DCF
compensating technique in presence of SPM at 10-Gb/s using standard single-mode
fiber. The three compensating techniques, namely, POCC, PRCC and BECC perform
differently under SPM.

NRZ optical transmission systems at 1000 km — 5000 km with complete/incomplete
dispersion compensation are studied. The dispersion of transmission fiber is
periodically compensated. For every compensation period, there exists a residual
dispersion if GVD within SMF is under — or over compensated. During signal’
transmission, the pulse width may be compressed or broadened by the combined effect
of SPM and dispersion when the residual dispersion is small. For the case of pulse
compression, signal pulse cannot be further compressed when the compression is too

much.

The interaction between the fiber dispersion and the SPM effect was shown to be a
major factor that limits the amount of energy allowed to be launched into the
dispersion compensated transmission link in our numerical study. This power limi’i" '
will eventually provide an upper bound on the length of the transmission link due to :
the increasing loss for the longer link. Different noise constraint (shot and thermal
noise of receiver, ASE noise of optical amplifier and inter-symbol interference)
together with the power margins imposed by SPM, especially the maximum threshold,
defines the region of suitable dispersion compensation. The maximum threshold also
permits to identify the best performance region. Optimum residual dispersion is
different for different compensation schemes means that the residual dispersion is not
the fundamental figure of merit, but its optimum value depends on the compensation
technique. Simulations carried out changing transmission length have shown little
changes on the optimum residual dispersion. This means that the residual dispersion

per amplifier spacing must decrease when the length increases.
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Effects due to SPM are stronger for the post-compensated link in case of complete
compensation. Both PRCC and BECC give higher maximum threshold power than
POCC in case of complete compensation. But, in case of residual dispersion, PRCC
shows inferior performance in comparison with both POCC and BECC. However,
BECC shows best performance in case of both complete and incomplete

compensation.

7.2 Proposal of a Design Rule for Long-Haul WDM System

The performance of a compensation technique in presence of SPM mainly depends on
the maximum threshold power that can be applied to the system and still achieve
minimum required performance from the system. From the discussion in section 6.5,
BECC offers the highest maximum threshold power that can be launched to the
transmission system. Moreover, there exists wide residual dispersion window for
BECC at high maximum threshold power. It is found that BECC can support §-
channel, 16-channel and even 32-channel at considerable high maximum threshold
power. So, we propose that BECC is the best suitable technique for standard single-

mode fiber for a WDM system to be implemented.

7.3 Suggestion for Future Study

Throughout this analysis, FWM is considered negligible, as dispersion parameter of
SMF is very high. But, at the length of the fiber- where dispersion is completely
compensated, FWM effects may be considerable. And as FWM is not compensated by
any opposing effect, it will have an accumulated effect over the cascaded links. So, in
future an investigation may be carried out to find out the pulse degradation due to
FWM effects generation when dispersion is completely compensated in a transmission

link using standard single-mode fiber with dispersion compensation.
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